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SYNOPSIS 
The overall objective of this project was to provide fundamental information about 
the nature and the associations of the organic matter (OM) in two representative Irish 
grassland soils; Clonakilty, a well drained Brown podzolic soil (WDS) and 
Rathangan, a poorly drained Gley, (PDS) that have been installed in a lysimeter 
system at the Teagasc Environmental Research Centre, Wexford, Ireland.  
NaOH (0.1 M) was utilised to extract humic fractions from the WDS and XAD-8 
and XAD-4 resins were used to fractionate the extract into humic (HA) and fulvic 
acid (FA) fractions. Drainage water (DW) was collected from the soil in the lysimeter 
system and dissolved organic matter (DOM) was isolated from it using XAD-8 and 
XAD-4 resins which fractionated the DOM into hydrophobic (Ho) and hydrophilic 
(Hi) acids. Using solid state nuclear magnetic resonance spectroscopy (NMR) and 
Electrospray ionisation (ESI) coupled to ultrahigh resolution Fourier Transform Ion 
Cyclotron Resonance Mass Spectrometry, it was seen that there were definite 
similarities between the highly oxidised organic components isolated from WDS at 
pH 7.0 and the DOM isolated from the DW.  
 The influence of management practices on DOM exports from grassland soils 
was also examined. Hydrophobic acids (Ho) were recovered from the DWs from the 
WDS and the PDS Irish grassland soils in lysimeters (control, no amendment) and 
amended with fertilizer and with bovine urine (U) and were studied using 1D and 2D 
solution state NMR spectroscopy. The Ho acids were found to consist of lignin 
residues, carbohydrates, protein/peptides, and aliphatic components derived from 
plant waxes/cuticular materials and from microbial lipids. The fertiliser amendments 
increased the concentrations of Ho in the DW and increased the contributions of the 
lignin-derived components. Applications of fertilizer + urine decreased the losses of 
Ho, (compared to the fertiliser amendments alone) and very significantly decreased 
those of the lignin derived materials, indicating that enhanced microbial activity from 
urine gave rise to enhanced metabolism of the Ho components. In contrast the less 
biodegradable aliphatic components containing cuticular materials increased as the 
result of applications of fertiliser + urine. This study helps our understanding of how 
management practices influence the movement of C between terrestrial and aquatic 
environments. 
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A comprehensive sequential exhaustive extraction procedure of 0.1 M NaOH; 0.1 
M NaOH and 6 M Urea, followed by a mixture of DMSO + 6% H2SO4 (v/v) was 
utilised to isolate HAs, FAs and humin fractions from the WDS and PDS soil. The 
highly oxidized components were concentrated in the humic fractions isolated at pH 
7, and lignin-derived components were concentrated in fractions isolated at pH 12.6. 
Through the use of 6 M urea combined with 0.1 M NaOH, further HS were released 
from what was previously humin in the classical definition. The humic fractions 
isolated in base/ urea solvent system resembled the humic fractions isolated at pH 
12.6 more closely that the residual material following base/urea extraction. These are 
in the range of humin materials in the conventional definitions, but are likely to be 
part of humic acids and fulvic acids trapped or selectively preserved in the soil humin 
matrix.  
Differences can be seen also at different pH values and at different depths, 
even within narrow ranges in the surface soils in both soils. The humic fractions 
isolated from the lower depths in both soils were more highly humified that the 
corresponding fractions from the surface soil, possible due to the input of fresh 
organic substrate in the surface layers. The exhaustive extraction and fractionation 
procedures revealed significant differences in the composition of the HS isolated from 
different grassland soils with different drainage regimes.   
A humin sample was isolated from the WDS following exhaustive extraction 
with a 0.1 M NaOH, followed by 0.1 M NaOH and 6 M Urea urea solvent sequence 
system. Using solid state NMR and higher resolution magic angle spinning NMR 
spectrsoscopy, the humin was found to contain fatty acids, and cuticular materials, 
carbohydrate, peptide, and with only minor contributions from lignin components.  
A comprehensive sequential, exhaustive extraction procedure was used to 
isolate humin samples from the PDS soil at the surface layer, 0-10cm and at a lower 
depth of 90-100 cm a 94% DMSO + 6% conc H2SO4 solvent system. The 2D 
solution-state NMR analysis indicated that humin contained contributions 
predominantly from protein, lipids/cuticlar waxes, carbohydrates and with minor 
contributions from lignin. Humin from the surface soil (0-10cm) shows evidence for 
more plant derived components, while the 90-100 cm humin has greater microbial 
inputs. 
 Observations of humification of plant residues in soil are fundamental for 
defining the carbon cycle in natural and cultivated environments. The transformation 
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of maize residues into relatively stable soil organic matter during the periods of 12 
and 24 months of laboratory incubation experiments were observed. This work 
contributes to our knowledge and understanding of the transformation of organic 
materials to humic substances by allowing the humification process to be followed 
over time. 
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Chapter 1 Introduction 
 
1.1 Soil  
Soil is a complex mixture of minerals, water, air, and organic matter forming 
at the surface of land. Soil formation is designated as the transformation of rock, or 
parent material, into soil. Parent material, climate, and organisms are commonly 
designated as soil formers or soil-forming factors. Since soils change with time and 
undergo a process of evolution, time is frequently also given the status of a soil-
forming factor. Topography, which modifies the water relationships in soils and to a 
considerable extent influences soil erosion, also is usually treated as a soil former 
(Jenny, 1941).  
The soil performs many critical functions in almost any terrestrial ecosystem.  
 Soil serves as medium for the growth of all kinds of plants.  
 Soil modifies the atmosphere by emitting and absorbing gases (carbon 
dioxide, methane, nitrous oxides, water vapour) and dust. 
 Soil provides a habitat for soil organisms. 
 Soils absorb, hold, release, alter, and purify most of the water in terrestrial 
systems. 
 Soil processes recycle nutrients, including carbon. 
 Soil serves as engineering media for construction (Soil Science Society of 
America 2010). 
Humankind is dependent on soils as soils sustain life. Great civilisations have 
almost invariably had good soils as one of their chief natural resources. Furthermore, 
these civilisations have remained great only for as long as they properly cared for 
their soils. The downfall of great nations utilising the Tigris, Euphrates and Nile River 
Valleys coincided with a deterioration of soil and water management and 
conservation practises (Buckman and Brady, 1969). One of the stark realities of the 
21st century is that the human population will increase by several billions, while the 
amount of soil available to provide the critical functions will not increase. In fact the 
resource is decreasing because of soil degradation and urbanisation. Thus to survive 
as a species, it is necessary to greatly improve the efficiency and sustainability with 
which soil resources are managed.  
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1.2 Climate change and Soil 
 
Emphasis is being placed on the need to sequester carbon from atmospheric 
carbon dioxide because of international concerns about greenhouse gas emissions and 
global warming. These concerns are highlighted by the Kyoto Protocol (United 
Nations 1997) which seeks to limit the greenhouse gas emissions by the developed 
countries. The Kyoto Protocol has set a legally binding target for Ireland to limit its 
greenhouse gas (GHG) emissions to 13 % above 1990 levels in the period 2008-2012.  
In 2008, total emissions of greenhouse gases (excluding the Land use, Land use 
change and Forestry sector) in Ireland were 67,439.28 Gigagrams (Gg) CO2 
equivalent, which is 23 percent higher than emissions in 1990. The total for 2008 is 
3.1 percent lower than the level of 69,600.51 Gg CO2 equivalent in 2001 when 
emissions reached a maximum following a period of unprecedented economic growth 
(McGettigan et al., EPA 2010) .  
Ireland is unusual in that more that one third of its anthropogenic greenhouse 
gas emissions originate in agriculture. In 1990, agriculture, at 34.6 %, was the single 
largest producer of GHG (Department of the Environment, Heritage and Local 
Government, 2000)  and was responsible for 84.1% of methane emissions and 78.7% 
of nitrous oxide emissions. The main sources of agricultural emissions are enteric 
fermentation (50 %, mainly CH4), agricultural soils (38 %, mainly N2O), and manure 
management (12 %, mainly CH4) as shown in Figure 1.1 Trend in Emissions from 
Agriculture 1990-2008. The agricultural contribution to total carbon dioxide (CO2) 
emission is estimated to be very low (Department of the Environment, Heritage and 
Local Government, 2000). Agricultural GHG emissions rose during the 1990s but 
have declined in recent years, mainly because of a fall in nitrous oxide emissions as a 
result of  less fertiliser being used, and a fall in methane emissions due to a decrease 
in cattle and sheep populations (see Figure 1.1). Thus the share of the total GHG 
emissions for agriculture had declined to 28% in 2004. In 2005, agriculture 
contributed 26.4% to the total GHG emissions. This is a much higher share than in 
most other developed countries and can be attributed to the importance of agriculture 
to Ireland’s economy (O'Mara et al., 2007). Agriculture was estimated to be the single 
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largest contributor to the country's GHG emissions at 26.8% in 2007 (McGettigan et 
al., EPA 2009), in 2008 this contribution decreased to 26.1% (McGettigan et al., EPA 
2010).  
These emissions are currently included in the non-Emissions Trading System 
emissions which the country must decrease by 20% relative to their 2005 level by 
2020 (EPA, 2009). Therefore, ways to decrease these emissions need to be explored.  
 
 
Figure 1.1 Trend in Emissions from Agriculture 1990-2008 (McGettigan et al., 
EPA 2010). 
 
In Article 3.3 of the original version of the Kyoto Protocol, soil is recognised 
as a significant terrestrial reservoir of C. The Article limits the allowable terrestrial 
sources and sinks of C to well defined cases of afforestation, reforestation, and 
deforestation. Fluxes of C to and from agricultural soils were not part of the original 
Kyoto Protocol. However, at the Bonn meeting (Bonn, July, 2001), it was decided to 
expand the land management systems eligible for inclusion as C sinks to include 
forest management, grassland management, cropland management, and revegatation. 
This decision increases greatly the scope and opportunities for the sequestration of C 
by soils to be incorporated legitimately under the articles of the Kyoto protocol 
(Clapp et al., 2005).  
About 69% of the Irish landscape is composed of agricultural soils and approximately 
80 % of these agricultural soils are in grassland and used for cattle and sheep grazing 
(Tomlinson, 2006). Such high land coverage gives grasslands significant roles for 
carbon sequestration in Ireland. Byrne et al., (2007) found that grassland in a 
temperate maritime climate zone on farms in Co. Cork, Ireland, with grazing and 
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harvesting of grass, was a sink of C to the amount of ~2 t C ha-1 year-1.  This sink was 
not partitioned between the amounts sequestered in the soil and the vegetation. Ireland 
has reported total net greenhouse gas removals amounting to 2,652.81 Gg CO2 eq. for 
2008 under Article 3.3 of the Kyoto Protocol in respect of 265.45 ha of lands subject 
to afforestation since 1990, while there were net emissions of 10.98 Gg CO2 on a 
deforested area of 1.38 ha. Ireland has elected not to account for any of the activities 
under Article 3.4 of the Kyoto Protocol in the first commitment period (McGettigan et 
al., EPA 2010). 
The official communication “Towards a thematic strategy for soil protection”, 
(European Commission, 2002) adopted in April 2002, is an additional stimulus for 
studies of the geographical distribution of soil OC. The Communication identifies 
eight main threats to soil, of which declining OM is considered one of the most 
serious (Jones et al., 2005). The proposed Soil Framework Directive, includes the 
establishment of a common framework to protect soil on the basis of the principles of 
preservation of soil functions, prevention of soil degradation, mitigation of its effects, 
restoration of degraded soils, and integration in other sectoral policies (European 
Commission, 2006). This directive has not yet been ratified by Member States 
(Creamer et al., 2010).  
In order to decrease emissions and to increase sequestration of atmospheric CO2, it is 
essential to know the carbon stores and fluxes of soils so that policy may be 
formulated. Information on different soil types is fundamental in order to determine 
the extent to which different Irish soils are sinks for carbon. This, in addition to the 
increasing emphasis on soil protection at an EU level, should drive the focus on 
obtaining fundamental information on Irish soils. 
1.3  Soil Organic Matter 
 
In general soils contain 2–10 percent organic matter. Based on the proposals by 
Kononova (1966), soil organic matter (SOM) was considered to be a mixture of 
recognisable or relatively unaltered plant debris, and of transformed products (or 
humus) which bear no morphological resemblance to the structures from which they 
are derived. Hayes and Swift (1978) considered the complete soil organic fraction to 
be made up of live organisms and their partially decomposed and completely 
transformed remains, as well as those of plants. However, they considered SOM to be 
________________________________________________________________ Chapter 1 Introduction 
 
5 
 
a more specific term for the heterogeneous mixture of non-living components 
resulting from the biological and chemical transformations/ humification of organic 
debris. Stevenson (1994) defined soil organic matter as “the whole of the organic 
matter in soils, including the litter, the light fraction, the microbial biomass, the water-
soluble organics, and the stabilised organic matter (humus)”. Stevenson refers to the 
partitioning of SOM into the active (or labile) and the stable pools. The active fraction 
contains the comminuted non-living plant matter that lies on the surface of the soil, 
(the light fraction, which is separable from soil in liquids), the microbial biomass, and 
the non-humified substances that are not bound to the soil minerals. The stable, or 
passive, pool of SOM is considered to be the humification products having some 
degree of resistance to further degradation.   
The term humus is generally used synonymously with SOM and refers to those 
organic compounds which do not occur in the form of fresh or partially decayed 
plants and animals (Stevenson, 1994). However, in more technical terms, humus 
refers to the components of SOM that have been so transformed that they bear no 
morphological resemblances to the materials of origin (Clapp et al., 2005). Humus, 
the product of the humification process, consists of a mixture both of recognisable 
classes of organic compounds, and the class identified as humic substances (HS) 
which are of indeterminate structure. Non-HS are compounds belonging to known 
classes of biochemistry such as lignin, carbohydrates, amino acids, peptides, fatty 
acids, resins, waxes, organic acids (Clapp et al., 2005). HS are considered as products 
derived from lignins, tannins, sporopollenins, and aliphatic molecules (such as 
algenans, cutans and suberans) and protein (Derenne and Largeau, 2001). Sutton and 
Sposito (2005) consider HS to be collections of diverse, relatively low molecular 
mass components forming dynamic associations stabilized by hydrophobic 
interactions and hydrogen bonds.  
1.3.1 Formation  
 
Organic residues, which enter the soil following the death of flora and fauna, 
are the source for SOM formation. Several pathways have been put forward to explain 
the genesis or formation of SOM during the decay of plant and animal residues in soil. 
These can be categorised under two major headings. The first involves formation as a 
result of transformations of dead plant tissue, a purely biological process, sometimes 
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called the degradative approach (Clapp et al., 2005). The other involves biological 
processes followed by a chemical or abiotic synthesis process.  
1.3.2 Functions of SOM 
 
Although soil organic matter (SOM) constitutes only a small portion of the soil 
matrix, it contributes greatly to the general chemical and physical properties of the 
soil, and it is an essential interface for the exchange of nutrients and energy flow 
between vegetation and soil (Swift et al., 1979). SOM has a crucial role in 
determining the quality of soils. It is involved in the development and maintenance of 
fertility through the cycling, retention, and supply of plant nutrients, and in the 
creation and maintenance of soil structure (Allison, 1973; Stevenson, 1994; Swift, 
2001). 
SOM contributes to plant growth through its effect on the physical, chemical, and 
biological properties of the soil. It has a nutritional function in that it serves as a 
source of N, P, and S for plant growth, a biological function in that it profoundly 
affects the activities of microflora and microfaunal organisms, and a physical function 
in that it promotes good soil structure, thereby improving tilth, aeration, and the 
retention of moisture. It plays an indirect role in soil through its effect on the uptake 
of micronutrients by plants and the performance of herbicides and other agricultural 
chemicals (Stevenson, 1994). It is involved in the complexation of heavy metals, the 
absorption of solar radiation and also in the sequestration of carbon (Clapp et al., 
2005). 
Because of its multifarious functions, Albrecht (1938) has observed that “soil 
organic matter is one of our most important national resources; its unwise exploitation 
has been devastating; it must be given its proper rank in any conservation policy” 
(Lal, 2004b).  
As a result of international concerns about GHG emissions and global warming, 
emphasis has been placed on the need to sequester C from atmospheric CO2 into 
SOM. Sequestration of C is, of course, an important consideration, but increasing 
SOM levels should also be a priority in order to enhance the quality of our soils, and 
to improve soil fertility, soil structure, and nutrient cycling (Swift, 2001).  
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1.3.3 Compositions of SOM 
 
Labile plant materials are decomposed rapidly on entering the soil 
environment, whereas some more resistant components transform very slowly. It is 
impossible, because of the diversities in composition, and because of the differences 
in the states of transformation of the components, to give precise definitions for the 
gross mixture that composes SOM (Hayes, 1997). SOM is one of the more complex 
materials in nature, and contains most, if not all of the naturally occurring compounds. 
It is known to include a broad spectrum of organic constituents, many of which have 
their counterparts in biological tissues. Two major groups of compounds can be 
distinguished:  
 Non-humic substances, consisting of compounds belonging to the well known 
classes of organic compounds such as amino acids, carbohydrates and lipids. 
 Humic substances, a series of high-molecular-weight, brown to black, 
substances formed by secondary synthesis reactions. The high molecular 
property is no longer universally accepted (Clapp et al., 2005). 
The two groups are not easily separated, because some non-humic substances, 
such as carbohydrates, may be bound covalently to the humic matter (Stevenson, 
1994).In this case the material is considered as an integral portion of the humic 
molecule. In mineral soils, recognizable plant remains constitute a small percentage of 
the SOM. The transformed materials can constitute more than 90 % of the SOM, and 
HS can compose 70-80 % of the total (Hayes, 1997).  
1.3.4 SOM and Carbon Sequestration 
 
Carbon sequestration is the process of removing CO2 form the atmosphere and 
storing it in C pools of varying lifetimes.  Storage can be in the form of above-ground 
biomass, and below ground biomass or recalcitrant organic and inorganic C in the soil 
(Clifton-Brown et al., 2005). Carbon sequestration can occur through abiotic and 
biotic processes. Abiotic processes are based on chemical reactions and can include 
scrubbing, the capturing and storage in geological formations and in the deep ocean 
through the formation of carbonates. In biotic processes, biological reactions trap 
atmospheric C and store it in the long-lived pools. These reactions include 
photosynthesis and humification.  
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SOM is a very important pool of carbon in the global carbon cycle and soil carbon 
is a major component of the terrestrial carbon cycle. There are different estimates of 
the amount of C stored in soil. Eswaran et al.,(2000), considered that world soils 
constitute the third largest global C pool after oceanic (38000 Pg), and geologic (5000 
Pg). They regarded the C soil pool, estimated at 2500 Pg to 1 m depth, to be about 3.3 
times greater than the atmospheric pool (760 Pg) and 4.5 times that of the biotic pool 
(560 Pg). According to Schlesinger (1995), the quantity of organic carbon stored in 
the world’s soils is estimated to be of the order of 1500 x1015 g. This is more than 
twice that in the earth’s atmosphere (720 x 1015 g), and nearly three times that in land 
plants (560 x1015 g). The soils of the world, which contain more carbon than the 
combined total amounts occurring in vegetation and the atmosphere, are a major 
reservoir of carbon and an important sink (Swift, 2001). In Ireland the total soil 
carbon stock was estimated to be 2,048 Mt in 1990 and 2,021 Mt in 2000. Of that 
approximately 47% was contained predominantly in mineral soils and 53% in peat 
(Tomlinson, 2006). 
The cumulative potential of soil C sequestration over 25-50 years is 30-60 Pg. 
Thus soil C sequestration is truly a win-win strategy. It restores degraded soils, 
enhances biomass production, purifies surface and groundwaters, and decreases the 
rate of enrichment of atmospheric CO2 by offsetting emissions due to fossil fuel (Lal, 
2004b). 
The atmospheric pool is increasing at the rate of 3.2 Pg C yr-1  (IPCC, 2001) at the 
expense of the soil, geologic, and biotic pools (Lal, 2004b). In addition to fossil fuel 
combustion, emission of GHGs is also caused by land use conversion, soil cultivation, 
and other agricultural practices. Emissions of GHGs from terrestrial/agricultural 
ecosystems are exacerbated by inappropriate land use, soil mismanagement, and 
anthropogenic perturbations that create an ecological imbalance and exacerbate soil 
degradation (Lal, 2004a). Major losses of C to the atmosphere have followed land use 
changes that transformed forests, grasslands, and wetlands into tillage operations 
where intensive management practises were followed (Jenkinson et al., 1990). 
Grassland and forest soils in the USA have tended to lose 20-50% of the SOM during 
40 to 50 years of cultivation (Mann, 1985; 1986; Johnson and Kern, 1991; Houghton, 
1995; Clapp et al., 2005).  
There are several mechanisms of agricultural decreases in SOM and SOC due to 
the alteration of C inputs to and outputs from soil (McLauchlan, 2006). The removal 
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of annual crop biomass through harvest decreases the quantity of C inputs compared 
to perennial native vegetation (Imhoff et al., 2004).  Tillage, which involves the 
physical disturbance of soil, increases SOC decomposition rates, as seen to occur by 
measuring soil respiration rates directly after tillage (Reicosky et al., 1997). 
Labile C is considered to be more susceptible than recalcitrant C to loss through 
tillage, and associations with clay minerals leading to C recalcitrance (Tiessen and 
Stewart, 1983). Tillage also destroys aggregrates and physical structure, exposing 
previously physically protected SOC to decomposition (Six et al., 2000). Tillage 
increases the occurrence of soil erosion. Fields cultivated for 100 years with maize 
have up to 56% less topsoil than perennial grassland (Gantzer et al., 1991).  
Anthropogenic perturbations of the global C and N cycles is responsible for the 
increase in atmospheric concentration of CO2, CH4, and N2O (IPCC, 2001). During 
the period 1850 to 1998, 405 ± 60 Pg of C has been emitted as CO2 into the 
atmosphere globally (IPCC, 2000; Lal, 2004b).The annual emission of C from soil, as 
the result of biological activity, is estimated to be of the order of 60 Pg (Lal, 2003). 
Emissions from fossil fuels amount to about 5.5 Pg yr-1. It is these emissions that are 
causing the increase in the levels of CO2 in the atmosphere. The concentration of CO2 
in the atmosphere is estimated to have been about 250 ppmv (ppm by volume) in the 
CE 900 to 1200 era. The estimates for CE 1300 to 1850 era are 280 ppmv, and the 
concentrations in 1994 were 358 ppmv (Lal et al., 1998). The atmospheric levels of 
CO2 are considered to be increasing at a rate of 0.5% yr-1. The increases since 1850 
are attributed to land use changes and to the increased combustion of fossil fuels since 
the industrial revolution. The annual increases in atmospheric CO2 from these sources 
are estimated to be 1.5 and 3.3 +0.2 Pg C yr-1, respectively (Post et al., 1980). This 
increase is rather small in geological terms. However increases in atmospheric CO2 
over time are a major concern for the world population. These increases do not 
correspond to the emissions from anthropogenic activities referred to above, mainly 
because of the influences of the sequestration processes.  
Schlesinger (1995) showed the principal C pools and exchanges between them. 
Estimates for the fixation of C by land plants (120 Pg C yr-1), for the emissions of C 
by respiration from plants (60 Pg C yr-1), and for the net destruction of vegetation (2 
Pg C yr-1) are relevant. The net fixation by the oceans is estimated to be 2 Pg C yr-1 
(107 Pg C yr-1 fixed from the atmosphere, 105 Pg C yr -1 emitted). Because there is an 
equilibrium between the CO2 in the atmosphere and that sequestered by the oceans, 
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increasing amounts of the CO2 emitted are sequestered by the oceans. That is one of 
the reasons why increases in atmospheric CO2 are not in line with the emissions 
resulting from the anthropogenic activities. In the absence of anthropogenic inputs, 
the processes referred to would be in steady state. However, the anthropogenic 
processes disturb these equilibra and result in increasing levels of atmospheric CO2. If 
the trend in increased C emissions continues, it is suggested that the concentration of 
CO2 in the atmosphere will reach 600 (or perhaps700) ppmv in the 21st century. The 
consequences to the environment of such increases are widely discussed. Thus, it is 
important to seek conservational procedures by which C can be sequestered from the 
atmosphere. Improved management of soils offers significant opportunities to 
enhance C sequestration. The sink capacity of SOM for atmospheric CO2 can be 
greatly enhanced when degraded soils and ecosystems are restored, marginal 
agricultural lands are converted to a restorative land use, or replanted to perennial 
vegetation, and recommended management practises (e.g. conservational tillage) are 
adopted on agricultural soils (Lal, 2004b). Where soils are left to recover without 
applications of good management practises, it can take up to 100 years for a new 
equilibrium to be established when SOM has been degraded to the steady state level 
(Dick et al., 1998). Batjes (1999) reviewed how management practises, organic 
amendments, and appropriate applications of fertilizers and water can enhance the C 
sequestration by soils. Much is written and said about the contributions of fossil fuels 
to increased emissions of carbon dioxide, and about the depletion of a valuable carbon 
sink as tropical forests are felled. Yet it is recognised only by those close to the field 
that the input of carbon to the atmosphere from fossil fuels is only 8-9% of that from 
soil respiration. Each soil type has an organic carbon balance with a steady state 
related to the management applied (Clapp et al., 2005). On the basis of the above 
figures, the annual emission of C from soils is of the order of 10 times greater than 
those from fossil fuels. Thus any increase in sequestration of C by soils will decrease 
the accumulation of CO2 in the atmosphere. According to Batjes (1999), restoration of 
degraded soils could increase C sequestration by 0.65 to 1.9 Pg C yr-1. Improved 
management of non-degraded agricultural lands and improved management of 
extensive grasslands and forest re-growth could increase sequestration by 0.14 to 0.42 
and 0.09 to 0.26 Pg C yr-1, respectively. In Ireland, subtraction of the stocks in 1990 
and 2000 revealed a carbon loss from the soil of 26.7 Mt. Of this, 23 Mt C was lost 
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through industrial peat extraction and 3.7 Mt C was lost as a result of land –use 
change (Tomlinson, 2006). 
Thus, the modern concerns about global warming are focusing attention on new 
aspects of the importance of SOM. It is now obvious that we need to know in detail 
the processes that lead to the conservation of C in the soil environment, and to obtain 
a better awareness of the structures and the interactions of the organic components of 
soil (Clapp et al., 2005). Soil C sequestration does not have an unlimited potential to 
offset CO2 emissions and the yearly benefits will continue for about 20-50 yrs. The 
final level at which the soil C stabilises will depend upon the ability of the soil to 
stabilise C, the prevailing climate will determine soil moisture and temperature, the 
quality (decomposability) of the C added to the soil, and the balance between the C 
input to the soil and the C lost through respiration (Freibauer et al., 2004). 
1.4 Grassland Soils 
1.4.1 Mechanism of Carbon Sequestration in Grassland 
 
Carbon sequestration refers to the storage of carbon in a stable solid form. It 
occurs through direct and indirect fixation of atmospheric CO2 and is highly 
dependent on biological processes. Plants, through photosynthesis, absorb CO2 from 
the atmosphere and it becomes part of the plant tissue. Therefore standing vegetation, 
or biomass, contains carbon and is a biomass carbon store (Tomlinson, 2006). Direct 
plant carbon sequestration occurs as plants photosynthesize atmospheric CO2 into 
plant biomass. This is the direct mechanism by which C is sequestered in grass. In 
Ireland, grassland accounts for approximately 14% of biomass C stocks (Tomlinson, 
2006). OM is partly incorporated into grassland soils through rhizodeposition (Wood 
et al., 1991; Soussana et al., 2004). Rhizodeposition is the exudation of carbon and 
other organic nutrients from plant roots into the soil volume (rhizosphere) closely 
associated with the roots. It is well established that rhizodeposits stimulate the 
biological activity in the rhizosphere, which has important positive feedback for the 
plant such as enhancing nutrient availability (Jones and Darrah, 1996; Nguyen, 2003). 
This process favours carbon storage because direct incorporation into the soil matrix 
allows a high degree of physical stabilization of the SOM. 
The amount of soil C storage is highly dependent on biological processes and is 
primarily controlled by two fundamental factors: input by net primary production (its 
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quantity and quality) and its decomposition rate (Lützow et al., 2006). In soils, carbon 
sequestration can occur directly by inorganic chemical reactions that convert CO2 into 
soil inorganic carbon compounds such as calcium and magnesium carbonates. As 
plant litter becomes incorporated into the soil; subsequently, some of the plant 
biomass is indirectly sequestered as soil organic carbon (SOC) during decomposition 
processes. Soil therefore contains organic carbon as well as carbon derived from 
inorganic sources, including rocks and deposits. Soil is a larger store of C than 
biomass. In Ireland soil holds around 80 times more carbon than the carbon held in 
soil biomass (Tomlinson, 2006). The mean residence time (MRT) of C in soil versus 
other ecosystems, is of the order of 5 years in the atmosphere, 10 years in vegetation, 
and 35 years in soil. Thus, MRT of C in soil is three to four times that in vegetation 
(Lal, 2004b).  
Temperate grassland ecosystems, which comprise 32% of the earth’s natural 
vegetation (Frank and Dugas, 2001), can be considered to have a significant role in 
the uptake of atmospheric CO2 and in balancing the global C budget (Batjes, 1998). 
Grassland, the dominant ecosystem in Ireland, represents 90% of agricultural land and 
56% of the total land area (Jaksic et al., 2006). Article 3.4 of the Kyoto protocol 
(UNFCCC, 1998) makes provision for the use of soil C stock changes in grazing 
lands to offset greenhouse gas (GHG) emissions and to facilitate the achievement of 
emissions reduction targets (Byrne et al., 2007).  On that basis, there is a need to 
better understand the organic components leached from these carbon stocks under 
different management practices.  
Soils in long-term pasture are in a steady-state with regard to soil organic carbon 
content (SOC) content. Carbon accumulation in grassland ecosystems occurs mostly 
below ground and changes in SOC stocks may result from changes in land uses 
management (Soussana et al., 2004). Grassland C stocks represent at least 10% of the 
global total, and some sources suggest up to 30% of that total (Scurlock and Hall, 
1998). The stocks of SOC result from the balance between inputs and outputs of C. 
Inputs are primarily from leaf and root detritus. Outputs are dominated by the efflux 
of carbon dioxide (CO2) and of methane (CH4) from the soil surface and by the 
hydrologic leaching of dissolved and particulate C (Davidson and Janssens, 2006). 
The pool of SOC is of particular interest because even small changes in flux rates into 
or out of such a large pool could lead to the accumulation of significant quantities of 
greenhouse gases (Soussana et al., 2004; Billings and Ziegler, 2008).. 
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The strategy of soil C sequestration is to increase SOC density in the soil, improve 
the depth distribution of SOC, and to stabilise SOC by encapsulating it within stable 
micro-aggregates, or preserve it as recalcitrant C with a long turnover time (Lal, 
2004b). Soils in long-term pasture will be in steady state with regard to SOC content. 
C accumulation in grassland ecosystems occurs mostly below ground and changes in 
SOC stocks may result from land use changes and grassland management (Soussana 
et al., 2004). The organic matter content in steady state will be governed by the soil 
properties (e.g. mineralogy, drainage regime, fertility), and by climate. When the 
management is changed, for example when the soils are brought into long-term 
cultivation, the SOC will be depleted over time until a new level is reached. When a 
new, more conservational management system is introduced, such as conservation 
tillage or re-establishing grassland, a re-accumulation of the SOC will take place and 
a new level will eventually be reached (Clapp et al., 2005). Degradation and reduction 
of productivity by poor management may reverse this potential, leading to carbon 
losses by erosion and oxidation, instead of the desirable carbon sequestration. SOC 
may turn over on a long timescale by the standards of human history and policy, 
Bajtes and Sombroek (1997) quote a mean of 22 years (litter included), and a 
maximum of up to 5,000 years. Even modest changes in inputs to grassland carbon 
storage may result in significant and long lived C sequestration (Scurlock and Hall, 
1998). SOC levels are known to be elevated in Irish soils (Brogan, 1966; McGrath, 
1973; 1980), with a mean of 53 mg kg-1 for soils under permanent pasture. This arises 
partly from the fact that tillage accounts for only a small proportion of the land usage 
in Ireland (McGrath, 1997). A soil with grass cover has a higher carbon density than 
the same soil under arable cover (Tomlinson, 2006). SOC is more rich in aromatic 
compounds under a grassland than under a cereal monoculture. This confers a greater 
ability to resist degradation (Gregorich et al., 2001; Soussana et al., 2004). Greater C 
sequestration in grasslands compared to arable soils may be explained by three 
reasons (i), a greater part of the SOM input from root turnover and rhizodeposition is 
physically protected as particulate organic matter; (ii), a greater part of the particulate 
organic matter is chemically stabilised; and (iii), aggregrates tend to protect the native 
SOM from decomposition (Balesdent et al., 2000; Soussana et al., 2004). 
Hyphae of arbuscular mycorrhizal fungi (AMF) are considered to be primary soil 
aggregators and there is a positively correlation between AMF hyphae and aggregate 
stability in natural systems. These AMF are important agents involved in soil 
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aggregation through fungal mycelia network, although roots and bacteria have a 
significant role as well. The role of AMF in soil aggregation can be indirect (or 
passive) due to a physical network of hyphae maintaining soil particles together or 
directly (active) by cementing capacity of the extracellular compounds, such as 
glomalin, that are released (Borie et al., 2008). 
1.5 Humic substances 
1.5.1  Introduction and Definitions 
 
After entry into the soil, most of the organic matter (OM) is rapidly utilised for 
energy by the soil biomass, and the carbon dioxide produced is returned to the 
atmosphere.  In aerobic topsoil, 85-95% of the added SOM is thus lost within 6-12 
months (Jenkinson and Rayner, 1977; Jenkinson et al., 1991). A small proportion (5-
10%) of the SOM remains in the soil for periods ranging from a few decades to 
thousands of years (Meredith, 1997).  This recalcitrant SOM is a product of the 
chemical and biochemical transformations of the original organic matter. These 
degradative and synthetic processes are not genetically controlled and their random 
nature produces humic substances of infinite variety in terms of molecular structures. 
Humic substances (HS) are found in all soils and waters. The abundance of HS in 
soils is of the order of two to three times greater than the mass of living organic mater 
(OM) on and above the surface of earth. HS comprise about 60-80% of the SOM 
(Brady and Weil, 2002) and though probably the most resistant of the transformation 
products of living organic matter, will eventually transform to carbon dioxide and 
water (Hayes et al., 1997).   
In the classical definitions HS have been regarded as a series of relatively high 
molecular weight, yellow to black substances formed by secondary synthesis 
reactions (Stevenson, 1994) and as a “category of naturally occurring, biogenic, 
organic substances that can be generally characterised as being yellow to black in 
colour, of high molecular weight, and refractory”(Aiken et al., 1985). Achard (1786) 
extracted peat with alkali and that is the first recorded attempt to isolate HS from soil 
(Stevenson, 1994). Operational definitions of HS, introduced by Sprengel (1826), are 
based on fractionation on the basis of solubility properties. Various names have been 
assigned to many of the fractions of HS but three dominate the literature:  
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Humic acids: Aiken et al., (1985) defined humic acids (HAs) as the fraction of HS 
that is precipitated from aqueous solutions when the pH is decreased below 2. Soil 
scientists, on the other hand, generally consider humic acids to be that fraction of 
SOM which is precipitated at pH 1 from aqueous alkaline extracts of soil. Non-HS 
materials such as peptides, sugars, etc. can be sorbed to or co-precipitated with the 
HAs. Further purification of the humic acid fraction can be carried out by 
recovery of this material after sorption on XAD-8 [(poly)methylmethacrylate] 
resin (Ping et al., 1995; Hayes et al., 1996; Hayes and Graham, 2000). This can be 
achieved by redissolving the HA fraction precipitated at pH 1 in 0.1 M NaOH, 
diluting the solution to low concentration (< 20 ppm), and adjusting the pH to 2. 
The non-HS associated with, but not covalently linked to the HS, will pass 
through the resin, and the HAs sorbed to the resin are recovered by back elution 
with base, H+-exchanged by passing through a cation exchange resin (in the H+ 
form), and recovered by freeze drying (see Chapter 5 for more information). 
 
Fulvic acids: (FAs) in the classical definition are the components of alkaline soil 
extractions that remain in solution after the mediun is acidified. These materials 
contain non-HS components that belong to recognisiable classes of compounds. 
Thus the term fulvic acid fraction is now used to describe the materials that 
remain in solution in the acidified medium (Clapp et al., 2005). The International 
Humic Substances Society’s (IHSS) method for the isolation of FAs recommends 
passing the fulvic acid fraction on to XAD-8 resin and recovering the FAs from 
the resin eluate in base. It is H+-exchanged as described above, and freeze dried. 
 
Humin: is the fraction of HS that is not soluble in water at any pH value. It is a 
major component of the soil humic fraction and represents more than 50% of the 
organic carbon of soil (Kononova, 1966; Clapp et al., 2005). It is considered to be 
the component of HS in association with mineral colloids that is not extracted in 
aqueous base (Clapp et al., 2005). 
 
It is important to realise from the outset that these terms do not represent pure 
compounds but, because of the operational nature of the definitions, each named 
fraction consists of a very complicated and heterogeneous mixture of organic 
substances (Hayes et al., 1989). These fractions also contain components with definite 
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chemical classes such as proteins, sugars, etc. These may be covalently bound to the 
body of the humic molecule and would be considered part of the humic molecule. On 
the other hand they also may be physically trapped in the humic matrix by 
hydrophobic bonds or by non-covalent bonds (Lichtfouse et al., 1998).  
 
XAD-4 acids: Malcolm and MacCarthy (1992) introduced the XAD-8 and XAD-4 
(styrene divinylbenzene) resins in tandem for the fractionation of soil isolates. This 
technique used to isolate HAs, FAs, and so-called XAD-4 acids from waters. Hayes et 
al., (1996) further modified this technique for applications to soil extracts. The less 
polar HAs and FAs are sorbed to the XAD-8, while the polar and hydrophilic 
materials (such as amino acids, carbohydrates), are eluted through the XAD-8 and 
sorbed on XAD-4 resin, The materials sorbed on the resins are eluted in aqueous base, 
and the eluates are H+-exchanged using IR-120 (sulphonated polystyrene resin-(Rohm 
and Haas, Co., Philadelphia, PA)).  The eluates from the XAD-4 resins can be 
considered as components of the FAs fraction. This fraction (the XAD-4 acids) may 
contain some humic material, but  have been shown to have high carbohydrates and 
protein/peptide materials (Hayes, 1997). These can be regarded as part of the 
humified materials, but not as the true humic substances in the classical definition as 
they are not covalently bound to the humic molecule. 
 
 
1.5.2 Formation of HS  
 
Humic substances are ubiquitous, and are found wherever organic matter is being 
decomposed, or has been transported as in the case of sediments. Hence these are 
present wherever there is organic matter in soils, sediments, and waters (Hayes et al., 
1989). Several pathways exist for the formation of HS during the decay of plants and 
animal remains; these are shown in Figure 1.2 taken from Stevenson, (1994). The 
classical theory, popularised by Waksman and Iyer (1933), is that HS are derived 
from modified lignins (pathway 4) but the majority of present-day investigators 
favour a mechanism involving quinones (pathways 2 and 3).  
Selective preservation of lignin and other refractory molecules has been put 
forward as a mechanism for the formation of HS. Lignin is one of the most abundant 
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constituents of vascular  plant tissues and has long been considered to be a major 
source of stable C in soils (Huang and Hardie, 2009). Lignin is understood to be a 
polymeric natural product arising from an enyme-initatied dehydrogenative 
polymerization of three primary alcohols: para-coumaryl (hydrophenyl) alcohol, 
coniferyl (guaiacyl) alcohol, sinapyl alcohol (see Chapter 2, Section 2.3 for 
discussion). 
Waksman and Iyer (1933) proposed that humic acids resulted from the 
condensation of  lignin with microbially produced protein, a process that became 
known as the “ligno-protein theory”. However, this theory was disproved by Hayes 
(1960) when a product was synthesized using the technique of Waksman and Iyer, 
oxidized lignin and casein was characterised by differential thermal analysis (DTA). 
The thermogram had all the features of the oxidized lignin and of the casein, and was 
very different from that of a humic acid from a Sapric Histosol. Lignin provides a 
major source of material for HS genesis. It has a degree of resistance to 
biodegradation, but white rot fungi, and to a lesser extent, brown rot fungi can 
degrade it (Clapp et al., 2005).  According to this theory, lignin is incompletely 
utilised by microorganisms and the residue becomes part of the soil humus.  The 
degradation process of lignin is complex and involves enzymes. Burdon (2001) 
questioned whether humic type molecules could be synthesised in the soil 
environment from lignin-type precursors. He considered that if polymerisation were 
to take place, then the products formed would be lignin-like, just with different ratios 
of the types of bonds that occur in lignin. Nonetheless, lignin can contribute to HS 
formation through the polyphenol theory outlined below. 
Plant derived polymers with polymethylenic structures such as lipids, waxes, 
cutin, suberin, and other microbially derived lipids are considered to be the fraction of 
organic carbon that is most resistant to degradation (Derenne and Largeau, 2001). 
Stabilisation of the alkyl C components by clay through surface interaction or 
intercalation, has been suggested as a reason for the accumulation of alkyl C in the 
clay fractions (Lützow et al., 2006). Humin is known to be rich in alkyl C (Rice, 
2001). Aliphatic molecules from suberin and cutin have been found to be 
preferentially preserved in deeper soil horizons in comparison to lignin compounds 
(Feng and Simpson, 2007). In addition, microbial-derived polysaccharides have been 
detected in soils (Feng and Simpson, 2007; Kiem and Kögel-Knabner, 2003) 
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suggesting that non-plant biomass may strongly contribute to the deposition of carbon 
into the subsoil.  
There are a number of synthetic pathways involving the polycondensation and 
polymerization of simple biomolecules (e.g. amino acids, sugars, polyphenols), as 
catalysed by enzymes and soil minerals, leading to the formation of humified 
substances (Huang and Hardie, 2009).  
 
 
Figure 1.2.Mechanisms proposed for the formation of HS (Stevenson, 1994) 
 
The production of brown nitrogenous polymers by condensation of reducing 
sugars and amines is thought to be important in the formation of HS in soil (Ikan, 
1996). The Mallard reaction involves the reaction of amino acids with reducing sugars 
to give melanoidin, a product with properties similar to HAs (Maillard, 1917) . The 
reaction proceeds very slowly at the temperatures found under soil conditions. 
However, major and frequent changes in the soil environment, such as freezing, 
thawing, wetting, and drying, together with the intermixing of reactants may assist 
condensation (Stevenson, 1994). Modern NMR studies (Kogel-Knaber, 2000) have 
shown that the compositions of the melanoidin and organic matter materials are 
suffienctly different so that it is unlikely that melanoidin formation is an important 
contributor to humus genesis (Clapp et al., 2005). Burdon (2001) pointed out that 
there are not sufficient concentrations of reducing sugars or of amino acids in the soil 
solution to allow the Maillard reaction to take place to any great extent. In addition 
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the Maillard reaction results in the formation of heterocyclic N, whereas soil N 
consists primarily of amide N based on 15N CPMAS NMR (Knicker, 2004).   
According to the polyphenol pathway humification theory, quinones of lignin and 
microbial origins are the major building blocks of humic substances. In this model the 
first step is the breakdown of all plant biopolymers into their structural units, some of 
which polymerize enzymatically or by means of mineral colloid catalysis to form 
humic molecules of various complexities (Huang and Hardie, 2009). Possible sources 
of phenols for the formation of HS include lignin, microorganisms, uncombined 
phenols in plants, glycosides and tannins, with lignin and microorganisms being the 
major sources. Polyphenols arising in soil by the decomposition of lignin, or by 
microbial synthesis, are not stable but are subject to further decomposition by 
bacteria, actinomycetes, and fungi.  Flaig et al., (1975) discussed how polyphenols 
from lignin degradation could give rise to humic-type products. Modifications in 
lignin include loss of methoxyl (OCH3) groups with the generation of o-
dihydroxyphenols, and oxidation of aliphatic side chains to form COOH groups. The 
o-dihydroxyphenol units resulting form demethylation of lignin would be subject to 
oxidation to quinones capable of undergoing condensation reactions with ammonia 
(NH3) and amino compounds to form HS-like compounds (Stevenson, 1994). In 
addition, after conversion to quinones by spontaneous oxidation, or by 
polyphenoloxidase enzymes, the quinones may undergo recombination, either alone 
or with other organic molecules. The self-condensation of quinines in the soil 
environment can be greatly enhanced in the presence of amino acids. Enzymatic 
oxidation of phenolic compounds in the presence of amino acids, peptides, and 
proteins yields nitrogenous polymers having many of the properties of natural humic 
acids. The formation of brown-coloured polymers by reactions involving quinones 
and amino acids and proteins is a well known phenomenon that occurs in plants 
following mechanical injury or during the disintegration of cells (Bittner, 2006).  
Huang and Hardie (2009) reviewed studies on the contribution of the Maillard 
reaction to the formation of HS. While they did summarise the questions raised about 
the contribution of the Maillard reaction to the synthesis of HS, they highlighted 
research by Jokic which demonstrated that the action of the common soil mineral, 
birnessite (δ-MnO2), significantly accelerated the Maillard reaction under ambient 
environmental conditions. The process merits attention as an abiotic pathway for the 
formation of humic substances (Jokic et al., 2004a). This catalysed reaction was found 
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to produce not only heterocyclic N but also a significant amount of amide N. Metal 
oxides, clay minerals and dissolved metals have been shown to catalyze the 
transformations of natural and synthetic organic compounds (Huang, 2000). 
Additional research by Jokic et al., (2004b) found that birnessite significantly 
accelerated hummification processes in integrated polyphenol-Maillard reaction 
systems under ambient conditions and that the integrated polyphenol-Maillard 
reaction system was more efficient in generating humics than the Maillard reaction 
alone. 
 
 
 
1.5.3 Structures of HS 
 
Humic substances are natural organic substances that are ubiquitous in water, soil, 
and sediments, and are of paramount importance in sustaining plant growth and in 
controlling both the fate of environmental pollutants and the biogeochemistry of 
organic carbon (OC) in the global ecosystem (Piccolo et al., 1996). Despite their role 
in the sustainability of life, the basic chemical nature and the reactivities of HS are 
still poorly understood.  Clapp and Hayes (1999) proposed that it is not realistic to 
expect that a detailed structure will ever be described for any humic molecule. The 
consensus of evidence that is emerging would suggest that the humic fraction of SOM 
is a mixture of components of plant and microbial origins, and it seems certain that 
there will never be a single structure that is representative of significant components 
of the humic fraction (Clapp et al., 2005).  
There is a division in the scientific community of humic scientists about 
fundamental aspects of humic structures. There appears to be two approaches when 
looking at the molecular structure of HS. The first approach is based on early 
concepts of structure formed in the field of polymer science. This considered HS to be 
comprised of randomly coiled macromolecules that had elongated shapes in basic or 
low-ionic-strength solutions, but became coils in acidic or high-ionic-strength 
solutions (Stevenson, 1994). Cameron et al., (1972), provided ultracentrifugal 
evidence that indicated that the molecules in HS had mass-weighted average 
molecular masses of 20,000-1,000,000 Da and random coil conformations. Swift 
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(1999) supports this theory, and considered lignin modification and degradation to be 
the major processes in HS formation. Using low-pressure size exclusion 
chromatography, Piccolo et al. (1996) reported that the absorption of HAs was 
reversibly shifted from high to low molecular size ranges when organic acids were 
added to lower the pH of a humic solution. Kenworthy and Hayes, (1997) found that 
low concentrations of acetic acid disaggregated the humic super structure. This 
suggested that the humic materials are held together by hydrophobic interactions, 
which are easily disrupted when simple organic molecules penetrate large 
hydrophobically bonded associations and separate them into smaller, higher-energy 
H-bonded associations. Piccolo,(2001) found that the apparent size of humic 
fragments changes drastically with addition of low concentrated simple organic acids.  
However, in the last ten years information gathered using spectroscopic, 
microscopic, pyrolysis, and soft ionisation techniques, is not consistent with the 
polymer model of HS. An alternative understanding of the conformational nature of 
HS has been proposed which considers HS as supramolecular associations of self-
assembling heterogeneous and relatively small molecules derived from the 
degradation and decomposition of dead biological material. This evidence is based on 
gel permeation chromatography and high pressure size exclusion chromatography 
which, when applied to HS in the presence of simple organic acids, causes changes in 
the apparent sizes of HS due to disaggregration of clusters of molecules (Piccolo, 
2001). This has brought about ‘the new view’, which proposes that HS are collections 
of diverse, relatively low molecular mass components forming dynamic associations 
stabilized by hydrophobic interactions and hydrogen bonds (Sutton and Sposito, 
2005).  
Simpson (2002) examined solutions of HS using multidimensional nuclear 
magnetic resonance (NMR) spectroscopy. He applied two-dimensional diffusion 
ordered spectroscopy (DOSY) techniques to a concentrated solution (100 mg/ml) and 
less concentrated solution (5 mg/ml) of peat HA. With the concentrated sample he 
observed diffusivities corresponding to an average molecular weight of > 60,000 Da, 
whereas in the less concentrated solution diffusivities were obtained corresponding to 
an average molecular weight of between 2500 and 6100 Da. The procedure was 
applied to a FA sample and implied molecular weights of ~1000 Da (see Figure 1.3). 
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Figure 1.3. A, Depiction of the traditional concept of HS as randomly coiled 
marcomolecules. B, A new concept indicating that the major components found 
in alkaline extractable soil HS are in fact composed of relatively low molecular 
weight (<2,000 Da) compounds that associate in the presence of metals to form 
aggregates. The red spheres represent generic metal cations, the black units 
polysaccharides, the blue units polypeptides, the green units aliphatic chains, and 
the brown units aromatic lignin fragments (Simpson et al., 2002). 
 
 
Electrospray Ionisation mass spectrometry (ESI-MS) has been applied to HS and 
shows molecular mass distributions with averages near 1000 (Piccolo and Spiteller, 
2003) or 2000 Da (Stenson et al., 2002). An array of analytical techniques has 
consistently revealed relatively small, independent moieties in HS, providing 
significant evidence to support the concept of the organic molecules as collections of 
diverse, low-molecular-mass molecules (Sutton and Sposito, 2005). A structural 
model of the whole SOM fraction has been proposed in which no polymerization 
products are assumed and where HS consists of small mostly amphiphilic organic 
molecules making up a membrane-like structure around inorganic soil particles 
(Kleber et al., 2007; Albers et al., 2008).  
 
1.6 Humin 
 
In the classical definitions humin is the fraction of humic substances (HS) that is 
insoluble in traditional aqueous alkaline solvents. In these definitions, as referred to 
already,  HS are considered to be the components of soil organic matter (SOM) that 
are formed from the biological and chemical transformations of plant and animal 
debris  (Aiken et al., 1985; Hayes and Swift, 1978; Stevenson, 1994) but do not 
contain untransformed residues such as carbohydrates and peptides that are not 
covalently linked to the humic core. Humin can make up more than 50% of the 
organic carbon (OC) in mineral soils (Kononova, 1966) and more than 70% of that in 
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lithified sediments (Hedges, 1995). In the generalised biogeochemical carbon cycle, 
humin is at the point in the cycle where the organic carbon (C) produced in the 
biosphere becomes a part of the geosphere. A part of this transition is the removal of 
the more labile components of the organic C input into soils or sediments. 
Consequently, humin is generally considered to be the oldest (Rice, 2001) of the three 
humic fractions (HAs, FAs, and humin see section 1.5.1 for descriptions). It is 
regarded as the most recalcitrant soil organic fraction and hence it remains longest in 
the soil environment (Simpson et al., 2007). In mineral soils humin components have 
intimate associations with the soil inorganic colloids (Clapp and Hayes, 1999; 
Stevenson, 1994); hence it is difficult to isolate and to analyze by conventional wet 
chemical analyses (Simpson et al., 2007), and so it has been the least studied of the 
humic fractions  that exist in soils and sediments (Hatcher et al., 1985; Rice, 1992).  
This recalcitrant organic material contributes to the stable carbon pool in soils and is 
important for the global carbon budget. 
Dilute sodium hydroxide (0.1 M NaOH), has been used to isolate the Standard 
soil HAs and FAs of the International Humic Substances Society (IHSS), as described 
by Swift (Swift, 1996). High concentrations of urea are commonly used in 
biochemistry to disrupt non-covalent bonds in proteins (Oh-Ishi and Maeda, 2002). 
Because urea is a proton acceptor it can be used as a hydrogen bond breaker for the 
extraction of HS, and solubilisation of H+-exchanged HS can take place in 5 M urea 
solution (Clapp et al., 2005; Hayes, 2006). Following exhaustive extraction with 0.1 
M NaOH, a 0.1 M NaOH + 6 M urea solution extracted an additional 10% (by mass) 
organic matter from a soil residue that had previously been extracted exhaustively at 
pH 12.6 (Song et al., 2008). Deashing treatments are required for the isolation of 
humin from the residues following the exhaustive aqueous extractions. For this the 
residues are subjected to extensive digestion with a mixture of hydrofluoric and 
hydrochloric acids (Skjemstad, 1994; Preston and Newman, 1995; Schmidt, 1997). 
Wang and Xing (2005)  found that deashing with HF after exhaustive extractions in a 
NaOH solution effectively lowered ash contents of the humin samples and gave only 
slight changes to their chemical structure and sorption properties. Therefore uses of 
NaOH extraction and subsequent HF treatment could be considered as to be 
appropriate approaches for humin extraction.  
 It is clear from the review of literature in Song et al., (2008) that the chemical 
composition of this most recalcitrant fraction of SOM was then far from resolved. 
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They stated, for example, that humin had previously been described as:  ‘high 
molecular weight, polymeric’; a ‘humic acid-clay complex’; a ‘humic acid intimately 
associated with inorganic soil colloids’; a ‘lignoprotein’; a ‘melanin’; or as ‘plant and 
fungal residues in varying stages of decomposition. Uses of modern analytical 
technologies have led to new proposals as models for humin.  These proposals include 
an organo-mineral composite (Malekani, 1997); selectively preserved, straight-chain, 
microbial biopolymers, and apolar substances physically encapsulated by weak forces 
and by covalent bonds (Lichtfouse, 1999); and a partial supramolecular composition 
of trapped aliphatic hydrocarbons, proteins, covalently-bound fatty acids, and trapped 
fatty acids and/or esters (Burdon, 2001; Piccolo, 2001; Simpson, 2002; Guignard et 
al., 2005). More recent studies have found humin to be composed of microbial and 
plant derived components, mainly long-chain aliphatic species (including fatty 
acids/ester, waxes, lipids and cuticular material), carbohydrate, peptides/proteins, 
lignin derivatives, lipoprotein and peptidoglycan (major structural components in 
bacterial cell walls) (Simpson et al., 2007; Song et al., 2008). 
Solid-state nuclear magnetic resonance (NMR) spectroscopy has previously been 
used to study humin (Almendros et al., 1981; Preston and Newman, 1992; Almendros 
et al., 1996). Hatcher et al.,(1980) used cross polarization magic angle spinning (CP-
MAS) 13C NMR to study humin and concluded that a repeating aliphatic structural 
unit, possibly attributable to branched and cross-linked algal or microbial lipids, was 
common to both sediment and soil humin samples. Humin becomes enriched in these 
aliphatic substances because of their selective preservation during organic matter 
diagenesis (Hatcher, 1983). Preston and Newman (1992) using solid state NMR 
techniques, demonstrated that 25 percent of the total NMR signal for HS was 
dominated by a broad, aliphatic signal, while resonances attributable to aromatic and 
carbohydrate C represented the remaining 75 percent. Simpson et al., (2007) have 
shown that 70% of the traditional humin fraction is solubilized when 0.1 M NaOH + 
6 M urea and dimethyl sulfoxide (DMSO) + 6% H2SO4 are used in series after 
conventional extractions. Multidimensional solution-state NMR spectra of these 
samples indicated strong contributions from five main categories of components, 
namely peptides, aliphatic species, carbohydrates, peptidoglycan, and lignin. 
Diffusion edited spectroscopy indicated that all species are present as macromolecules 
(or stable aggregate species).  
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1.7 Dissolved Organic Matter Losses from soil 
 
Dissolved organic matter (DOM) is a complex, heterogeneous mixture found in all 
natural waters, and it represents the largest fraction of mobile carbon (C) on earth. It 
provides an intimate link between the terrestrial and aquatic environments (Lam et al., 
2007). Soil derived DOM can play a key role in many environmental processes, 
including carbon cycling, nutrient transport, and the fates of contaminants and of 
agrochemicals (Qualls and Haines, 1991; Zsolnay, 2003; Royer et al., 2007). Despite 
its obvious importance, the structural components of soil DOM and the variations of 
these components with different land management practices, have not been well 
resolved (Royer et al., 2007).  
Although land use and related management practices are known to affect the 
amounts and compositions of SOM and soil properties, their influences on the 
amounts and compositions of DOM have not been extensively studied (Chantigny, 
2003). Various aspects of the effects of elevated nitrogen (N) deposition and of N 
fertilization have been studied, yet little is known about their effects on DOM 
turnover (Kalbitz et al., 2000). The same is true for organic amendments such as 
urine. The OM in amendments are biodegradable and are generally readily 
transformed by soil microbes. That may result in transient increases in the soil DOM 
(Chantigny, 2003). Amendment with slurry has been found to increase nitrogen (N) 
immobilisation through increased microbial activity (Hoekstra et al., 2010). This may 
lead to an increase in carbon mineralization and a decrease in DOM export. Detailed 
studies have not been carried out on changes in DOM compositions following mineral 
fertilization and organic amendments. Soil hydrology is also likely to affect DOM 
dynamics. Differences have been found between DOM fractions isolated from 
different drainage regimes (Hayes et al., 1997), and  research has shown that DOC 
exports were 33 Kg ha -1 lower from drained than from undrained plots  (McTiernan 
et al., 2001). 
HS occur in every natural water sample that has been analysed for their presence. 
The amount and composition of HS vary considerably from soils, surface waters, and 
groundwaters, but their “ubiquity” in water is without question (Malcolm, 1985). 
There is a considerable potential for the leaching of dissolved organic matter (DOM) 
from “mature” grasslands, and especially from those that additionally receive the 
excretal returns from grazing livestock. These soluble soil organic substances (SSOS) 
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lost through leaching are of particular interest because soluble HS, the major 
components of SSOS could, as a result of the intricacies of their compositions, 
provide useful diagnostic tags for “fingerprinting” soil processes as influenced by 
different management practises (Hayes et al., 1997). Humic substances are major 
components of SOM and of dissolved organic matter (DOM). Aquatic HS compose 
approximately 40%-60% of the DOM (Malcolm 1985). McTiernan et al.,(2001) found 
that the export in stream flow from grazed grasslands over 2 months varied from 0.04 
to 0.12 t C ha -1. Dissolved organic C (DOC) export was positively correlated with 
nitrogen application and increased dry matter production as a result of fertilization 
was suggested as an important factor. 
The compositions of HS in terrestrial water have been shown to relate to the HS in 
the soils of the watersheds (Watt et al., 1996). By relating the properties of the soluble 
HS with those of the indigenous SOM it would be possible to gain an understanding 
of the reasons why more DOC is released from some soils than from others.  
 
1.8 Aims of the project 
 
Our understanding of the chemical compositions of soil organic carbon is vital to 
our predictions of the influences of climate change on soil carbon (Kelleher and 
Simpson, 2006). Swift (2001) pointed out that it will not be possible to make accurate 
estimates of the C sequestration potentials of soils until more is known about  
• The ways in which organic debris is transformed in different soil 
environments; 
• The compositions and associations of the transformed products; 
• The mechanisms by which these are conserved in soil environments; and 
• Conservation practises that will decrease their susceptibilities to 
decomposition processes. 
 
The overall objective of this project is to provide fundamental information about the 
nature and the associations of the organic matter (OM) in selected representative 
grassland soil types. 
The project aims to 
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1) isolate and determine the amounts and compositions of the SOM fractions 
from representative Irish mineral  grassland soils. 
2) investigate the influence of drainage regime and management practices on 
dissolved organic carbon losses from the grassland soils by isolating and 
determining the amounts and compositions of the DOM fractions from the 
grassland soils, and to evaluate the losses of C in the drainage waters 
3) incubate a sand with organic amendments to simulate how plant residues 
could influence the organic matter accumulation in soil. SOM fractions were 
isolated and characterised to investigate the humification/transformation 
process. 
4) Utilise  novel procedures for the isolation of humin and to characterise the 
humin material isolated by the state-of-art NMR techniques; 
 
The carbon sequestration potential of any soil will depend on its capacity to 
store in the medium term plant/microbial/animal components that have a degree of 
resistance to microbial decomposition and to protect and accumulate the humic 
substances (HS) formed from the transformations of the organic debris in the soil 
environment. The sequestration potential also depends on the amounts and 
compositions of the soil mineral colloids, such as the clays and the (hydrous)oxides, 
the associations of the organic matter with these colloids, and on the chemical 
characteristics of the soil organic matter and its ability to resist microbial 
decomposition. The latter features will be related to the nature of the associations 
between the organic matter and the inorganic colloids. 
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Chapter 2 Compositions of Humic Substances 
2.1 Introduction 
 
A variety of functional groups, including COOH, phenolic OH, enolic OH, 
quinone, hydroxyquinone, lactone, and ether have been reported in humic substances 
(HS) (Stevenson, 1994). Humic substances (HS) share many common structural 
features with biomolecules, (protein, carbohydrates, phospholipids, flavonoids, and 
lignin) in that they have many polar functional groups that define the biomolecules. 
These molecules exhibit aqueous solubility yet retain some hydrophobocity in 
portions of their structural makeup, and they are complex. HS derive from 
biomolecules and will inevitably retain many of their structural features (Hatcher et 
al., 2001). Humic fractions extracted from soils contain recognizable biomolecular 
fragments that have been specifically excluded from traditional definitions of HS. 
Many of these biomolecular moieties are intimately associated, perhaps even 
covalently bonded- with the humic fraction and cannot be separated efficiently 
(Sutton and Sposito, 2005).  
Many techniques have been applied to order to understand the compositions and 
aspects of the structures of HS. Pyrolysis is a common thermal degradative technique 
used for analysing HS. In this a sample is heated in an inert environment which causes 
fragmentation and the resulting volatile products can be separated by gas 
chromatography and identified by mass spectrometry. Despite problems with 
quantitation, pyrolysis can provide valuable molecular level details of the humic 
materials that are representative of the sources (Hatcher et al., 2001). Chromatograms 
were obtained that contained peaks that represented pyrolysis products derived from 
carbohydrates, protein, lignin, chlorophyll, and alkanes.  
Nuclear magnetic resonance (NMR) spectroscopy is now the premier instrumental 
procedure for both compositional and structural descriptions of humic materials. Solid 
state NMR provides a semiquantative, and in many cases a quantitiatve, evaluation of 
the main structural functional groups of HS.  It is possible to observe up to 97% of the 
C-containing structures in HS when CP-MAS 13C-NMR spectra are obtained under 
optimum conditions. The spectra can provide useful information about 
aliphatic/aromatic ratios, as well as the presence of certain classes of structures, such 
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as carboxyl/ester/amide groups, phenols, ether type functionalities (specifically 
methoxyl groups), and carbohydrate or carbohydrate-derived materials (Clapp et al., 
2005). 
Kelleher and Simpson (2006) applied advanced multidimensional solution state 
NMR techniques to study the major components (protein, carbohydrates, aliphatic 
biopolymers, and lignin) that are known to be present in HS, and to identify their 
fingerprints in humic mixtures. They concluded that the vast majority of operationally 
defined humic materials are not a distinct chemical category, but a very complex 
mixture of microbial and plant biopolymers and their degradation products. 
2.2 Soil Polysaccharides 
 
Soil polysaccharides are important components of SOM and have important 
roles in the soil environment. There is a genetic or biological control of the synthesis 
of biological macromolecules such as polysaccharides, and there is convincing 
evidence to indicate that soil polysaccharides are mixtures of components with origins 
in plants and microorganisms (Clapp et al., 2005). Polysaccharides contain glycosidic 
linkages which are readily hydrolysed by enzymes which would result in 
polysaccharides having a short-lived presence in soil. However, due to steric 
protection, or hydrogen bonding to hydrophobic components, or to clay and 
hydroxides, polysaccharides can be abundant components of SOM.  
The pentose sugars ribose, arabinose, and xylose are important in soils, as are 
glucose, mannose, and galactose, and derivatives of these  hexoses (Clapp et al., 
2005). Fucose and rhamnose are important deoxyhexose sugars in soils. Uronic acids, 
such as glucuronic, galacturonic, and mannuronic are important components of acidic 
polysaccharides. 
Amino sugars in soils are important 2-deoxy sugars, in which the –OH on C-2 
is replaced by an amino (–NH2) group, or with an acetylated amino group 
[NH(OCOCH3)]. Pentose and hexose sugars in nature are predominantly in ring 
forms, and these can be in furanose (5-membered) and pyranose (6-membered) ring 
structures. There is an equilibrium between the open chain and ring forms of pentoses 
and hexoses; however, more than 90% are in the cyclic (ring) forms in solution at any 
time. Chair (C-1) conformations are the more sterically realistic. When 8 to 10 sugar 
units are linked, an oligosaccharide is formed. When more than 10 units are linked, a 
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polysaccharide results. Sugar units are linked through glycosidic linkages. These 
involve an –O– bridge between the C-1 of one sugar unit (in ring conformation) and 
the C (but not the C-1) of another sugar, and one H2O molecule is eliminated for each 
linkage formed. Polysaccharides may be linear or branched. The types of glucosidic 
linkages found in carbohydrates affect their solubility and decomposability. The α-(1 
→ 4) linked polyglucose component of starch is rapidly decomposed in soil whereas 
cellulose, a β-(1 → 4) linked polyglucose has a considerable resistance to degradation. 
The reason for that is that the α-linkages provide a random-coil type of conformation, 
which allows very little H bonding to confer rigidity between the sugar molecules. 
The β-linkages, on the other hand, give a linear or linear helical structure to the 
cellulose. That allows the glucose components of the polymers to lie over each other, 
and the resulting H bonding gives a rigid structure, and hydrolysis of the glycosidic 
linkages by cellulase enzymes is hindered. Hemicelluloses are found in the cell walls 
of plants. These are heteropolysaccharides composed of 100 to about 200 hexose and 
pentose units.  
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Figure 2.1 The ‘sugar tree’, D-configuration of D-aldoses in Fisher (open chain) 
projection. H-C-OH in the structures are arranged in order from left to right so 
that the hydroxyl groups on C2 alternate right/left in going across a series. 
Similarly, the hydroxyl groups at C3 alternate two right/left, the hydroxyl 
groups at C4 alternate four left/right, and the hydroxyl groups at C5 are to the 
right in all eight sugars. 
 
Cheshire and Hayes (1990) pointed out that although a particular sugar might 
only be a small proportion of the sugars in plants, that sugar can with time become 
predominant in a residue if it has even a slightly greater resistance to degradation than 
the other sugars in the medium. Glucose, galactose, and mannose are the major 
neutral sugars in animals (components of glycoproteins), and other sugars include 
glucuronic acid, glucosamine, and galactosamine (or their N-acetyl derivatives). Very 
small amounts of pentoses are found in animals, although of course ribose and 
deoxyribose will be present in all cells. Ribose is common in bacterial 
polysaccharides. Chitin, from insects, is a major source of acetylglucosamine. 
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Glucose, arabinose, and xylose are generally the major sugars in plant tissues, and the 
relatively high proportions of the pentose sugars arabinose and xylose in soil 
saccharides suggest plant origins for these. Moderate amounts of galactose are found 
in some plants, but mannose and L-rhamnose are found in negligible amounts in 
plants. Mannose and galactose are more abundant in bacteria, in algae, and in fungi 
(Clapp et al., 2005).  
Oades (1984) used the ratio (mannose + galactose)/(xylose + arabinose) to 
suggest origins (plant or microbial) for sugars in soils. Ratio values <0.5 suggest 
origins in plants and values of the order of 2 suggest microbial sources. The same 
reasoning could be applied to the ratio (rhamnose + fucose)/(xylose + arabinose). It 
could also be meaningful to compare the ratios mannose/rhamnose and galactose/ 
fucose for each sample. The major input of soil carbohydrates is from plant residues 
and the carbohydrate synthesised by microbes is only a partial contribution to the 
origin of soil carbohydrates. Polysaccharides play a fundamental role in the formation 
and maintenance of good soil structure as they act as aggregating agents in soils. 
Aggregate formation is the interaction of mobile clay particles with mucigel from 
plant roots and extracellular polysaccharides from bacteria.  
2.2.1 Cellulose 
 
Cellulose, is a β-(1 → 4) linked polysaccharide composed of 7,000 - 15,000 
glucose units, containing glycosidic bonds formed by condensation. It is a common 
material in plant cell walls. Cellulose is the most abundant form of living terrestrial 
biomass. It is a straight chain polymer: unlike starch, no coiling occurs, and the 
molecule adopts an extended rod-like conformation. The multiple hydroxyl groups on 
the glucose residues form hydrogen bond with each other, holding the chains firmly 
together and contributing to their high strength. This strength is important in cell 
walls, where they are meshed into a carbohydrate matrix, which contributes to the 
rigidity of plants (Huang and Hardie, 2009). 
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Figure 2.2 Cellulose with the β-(1 → 4) linkage (Kögel-Knabner, 2002) 
 
2.2.2 Hemicellulose 
 
Hemicelluloses are found in the cell walls of plants. These are 
heteropolysaccharides composed of 100 to about 200 hexose and pentose units. They 
can be easily hydrolyzed by dilute acid or base, as well as by some enzymes. 
Monomers in hemicellulose can include xylose, mannose, galactose, rhamnose, and 
arabinose. Hemicelluloses contain most of the D-pentose sugars and occasionally 
small amounts of L-sugars as well. Xylose is the largest contributor to hemicellulose, 
while mannuronic acid and glucuronic acid also tend to be present. Hemicellulose is a 
branched polymer, while cellulose is unbranched (Huang and Hardie, 2009).  
2.3 Lignin 
 
Lignin is a macromolecular biopolymer that provides most of the structural 
rigidity of vascular plants. Lignin makes up the second most abundant constituent of 
vascular plants after cellulose and 25 to 30% of the dry mass of wood can be 
composed of lignin. The exact structure of lignin is still unresolved but it is normally 
thought to be composed of cross-linked monomers of phenyl-propane units. Within 
cell walls it is covalently linked to hemicellulose. Lignin is of high molecular weight, 
relatively hydrophobic, and aromatic in nature (Kögel-Knabner, 2002).  
Lignin, because of its unique structural features, possesses greater stability to 
biodegradation than hemicellulose and cellulose, and it is considered to be among the 
best-preserved components of vascular plants after deposition. This recalcitrant nature 
confers a significant role on lignin in the biospheric carbon cycle. In addition, because 
vascular plants are exclusively terrestrial, lignin is an important contributor to soil 
organic matter (SOM), whereas its presence in aquatic environments serves as an 
unambiguous tracer of terrigenous organic matter (TOM) inputs to such systems 
(Louchouarn et al., 2010).  
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Lignin forms an essential component of the woody stems of arborescent 
gymsosperms and angiosperms in which their amounts range from 15% to 36%. 
Lignins are not, however, restricted to arborescent plants, but are found as integral 
cell wall constituents in all vascular plants including the herbaceous varieties. Their 
presence has been demonstrated in tissues associated with stems as well as in foliage 
and roots. Lignin performs a multiple function that is essential to the life of the plant. 
It plays an important role in the intricate internal transport of nutrients and metabolites 
in water. It imparts rigidity to the cell walls and effectively resists attacks by 
microorganisms by impeding penetration of destructive enzymes into the cell wall 
(Sarkanen and Ludwig, 1971).  
Lignin is understood to be a polymeric natural product arising from an 
enzyme-initatied dehydrogenative polymerization of three primary alcohols: para-
coumaryl (hydrophenyl) alcohol, coniferyl (guaiacyl) alcohol, sinapyl alcohol (see 
Figure 2.3) (Kögel-Knabner, 2002). There are a number of other monolignols present 
in special plants, or in low concentrations. Coniferyl alcohol is the predominant lignin 
monomer found in softwoods. Both coniferyl and sinapyl alcohol are the building 
blocks of hardwood lignin. Different plants use different monolignols. For example, 
hardwood contains both syringyl and guaiacyl lignin units which dominate, and 
softwood lignins contains only guaiacyl units (Hatcher, 1987). A section of the lignin 
polymer is presented in Figure 2.4 illustrating some typical chemical linkages in 
lignin. Lignin, as it exists in the cell wall, is always associated with hemicelluloses, 
not only in an intimate admixture but also anchored to the latter by actual covalent 
bonds (Sarkanen and Ludwig, 1971).  
Lignin of grasses is composed of about equal proportions of para-coumaryl 
alcohol, guaiacyl alcohol and sinapyl alcohol (Kögel-Knabner, 2002). The monomers 
in lignin react through the so-called dehydrogenative polymerization to a three-
dimensional macrcmolecule which contains a multitide of C-C and ether-linked 
compounds.  The arylglycerol-β- arylether linkage (β-O-4) dominates by far, followed 
by biphenyl (5-5) and phenylcoumaran (β-5) linkages. Most of the linkages in lignin 
molecule are not hydrolyzable. Part of cellulose or hemicellulose is bound to lignin in 
the so-called lingo-cellulose- of lignin-polysaccharide-complex (Fengel and Wegener, 
1984). The structure of this complex is far from clear; it is proposed that the 
compounds are held together by hydrogen bonds and covalent (ester or ether) 
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linkages. Lignin is quite resistant to microbial decomposition, with only a limited 
number of fungi, e.g. white-rot fungi, being able to decompose it to carbon dioxide. 
Degradation of lignin is an oxidative process. During biodegradation, lignin 
undergoes a gradual oxidative transformation process that introduces carboxyl groups 
in the molecule, so that the transformed molecule is extractable by NaOH, and is thus 
found in the humic acid fraction (Kögel-Knabner, 2002).  
 
Figure 2.3. Structure of lignin precursors (Kögel-Knabner, 2002). 
 
During the decomposition of plant material, the lignin fractions are oxidatively 
decomposed, and the nitrogen content increases while the methoxyl content decreases. 
During the oxidation of different lignin decomposition products, the essential 
reactions involve decomposition of the side chain, demethylation, oxidation to 
quinones, dimerization and polymerization, and cleavage of the ring.  
Incubation experiments have revealed that lignin residues degraded by white-
rot fungi showed a low level of demethylation and a high contribution of aromatic 
acids resulting from the β-O-4 bond cleavage and side chain oxidation (van Bergen et 
al., 1998).  
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Figure 2.4. Model of spruce lignin (Kögel-Knabner, 2002; Alder, 1977)  
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Figure 2.5. Linkages in Lignin (Kögel-Knabner, 2002) 
 
2.4 Tannins  
 
Tannins are defined as polyphenols that occur in higher plants. They 
precipitate proteins in aqueous solutions and therefore act as tanning agents (Haslam, 
1981). Tannins are found in leaves, needles, and in the bark of many vascular plants. 
Tannins are fourth in the order of abundance in terrestrial plants (after cellulose, 
hemicellulose, and lignins). Tannins are divided into two groups, the condensed or 
non-hydrolysable tannins (proanthocyanidins) and the hydrolysable tannins. The 
condensed tannins are poly-phenols from polyhydroxy-flavan-3-ols units which are 
linked mostly through C-C bonds between C-4 and C-8  (Figure 2.6) and sporadically 
between C-4 and C-6, and therefore, are not acid- or base-hydrolyzable (Kögel-
Knabner, 2002). Polymers of 10 to 40 flavone units  have been found (Clapp et al., 
2005). Hydrolyzable tannins (Figure 2.7) have two basic units, namely sugar (D-
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glucose) and phenolic acids, and both units are released upon acid or alkaline 
hydrolysis. These tannins are divided into gallotannin and ellagitannin. Gallotannins 
have a central sugar unit, which is esterified with several molecules of gallic acid. 
Ellagic acid is the basic phenolic unit of ellagitannins. The ester linkages of the 
hydrolysable tannins are readily cleaved by esterase, and are thought not to survive in 
the soil environment (Clapp et al., 2005).  
The role of tannins in ecosystems ranges from plant defence against herbivores 
and pathogens to a strong influence on degradation of soil organic matter (SOM) and 
on nitrogen cycling. Tannins are potential precursors for humic substances via 
quinone formation and Schiff base reactions (Derenne and Largeau, 2001).. Based on 
these features, a relatively high preservation potential can be anticipated for tannins in 
natural environments. Indeed, substantial tannin input in aquatic HS has been 
demonstrated via TMAH thermochemolysis (Derenne and Largeau, 2001). Spectral 
evidence for condensed tannins and terpenoids in Suwannee river fulvic acids has also 
been obtained (Leenheer and Rostad, 2004). Tannins and terpenoids were major 
precursors, even more than lignin precursors in this fraction. Lorenz and Preston 
(2002) extracted high levels (~3.8 wt%) of condensed tannins from humus in a black 
spruce forest, and a significant presence of tannins was observed in the aquatic 
fraction using CPMAS 13C NMR spectroscopy. Compared with lignin, the fate of 
tannins in SOM has been little studied. Thus tannins would seem to be important 
potential sources of refractory material in soils and sediments. However, difficulties 
encountered in the identification of such compounds, especially for those of high 
MW, suggest the extent of such a contribution is still far from being assessed, and it 
might be largely underestimated at  present (Derenne and Largeau, 2001). 
Solid-state NMR is useful for measuring the presence of tannins in 
geochemical samples, including bark, buried woods, peat, leaf litter, and humic 
samples. Although it is difficult to distinguish signals from condensed tannins and 
lignins using solid-state CPMAS 13C NMR due to broad phenolic signals in the 
phenolic region, there are some typical split phenolic peaks (145 and 155 ppm) and 
the ‘saw tooth’ pattern in the aromatic and di-O-alkyl region (131, 117, 105 and 
shoulder at 90-96 ppm) (Lorenz et al., 2000) gives compositional clues. 
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Figure 2.6. Structural units of condensed tannins (Kögel-Knabner, 2002). 
 
 
 
Figure 2.7. Structural units of hydrolysable tannins (Kögel-Knabner, 2002). 
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2.5 Proteins 
 
Proteins represent the most abundant group of substances in plant cells. They 
consist of polypeptides, long chains of various amino acids. Proteins have many 
purposes in plants; as enzymes, transport, regulators, storage substances and structure. 
They are usually composed of the 20 most frequent amino acids, which can be sub-
divided into basic, neutral or acidic amino acids. The proteins from plant and 
microbial tissues can be decomposed by a multitude of microorganisms and are 
considered to be among the less stable plant components with high turnover rates. 
Nonetheless peptide type material is found in soils and has been shown to be 
stabilised in soils over longer periods of time (Kögel-Knabner, 2002). Protection is 
considered usually to involve adsorption onto clays, associations with the 
hydrophobic components of SOM (especially the HAs and the humin materials), and 
seclusion in the pores of microaggregates and soil aggregates. These protective 
mechanisms can place the biodegradable material out of the reaches of 
microorganisms and their extracellular enzymes (Clapp et al., 2005).  
Solid-state natural-abundance 15N cross polarization (CP) MAS NMR spectra 
of humic materials purified through extraction or removal of mineral components 
indicate that humic N exists predominantly as amide functional groups, with a small 
contribution from free amino groups. Studies of non-hydrolyzable N fractions indicate 
further that acid hydrolysis leaves behind a substantial portion of peptide structures  
that have perhaps been protected by organo-mineral associations or by hydrophobic 
entrapments (Sutton and Sposito, 2005). Most spectra of HS do not feature signals for 
typical heterocyclic N functional groups, such as indoles, pyrroles, and imidazoles 
(chemical shifts from-180 to-239 ppm, relative to the 15N NMR reference, 
nitromethane), and pyridines (chemical shifts from -25 to -90 ppm), implying that less 
than 10% of the N resides are in heterocyclic forms (Knicker, 2000). Data obtained 
through a variety of NMR techniques suggest that most humic N is present as amide 
N derived from peptidic structures. Dipolar dephasing (DD) solid-state 13C NMR 
spectra, which reveal C atoms affected by strong proton dipolar coupling due to the 
presence of bonded amino groups, have been used to estimate the relative amounts of 
N-substituted alkyl C atoms in humic materials from peat soils and have shown the 
dominant role of peptides in the N content of these samples (Knicker, 2000). After 
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detecting a pyrrole/indole 15N NMR shoulder only in a sample from the deepest, 
oldest layer of a peat soil, Knicker et al. (2002) suggested that abiotic conditions 
during advanced humification promote formation of heterocyclic N compounds. It 
appears that amide N in peptides is the dominant chemical form of N in humic 
substances, and that free amino acids are present as well. Heterocyclic N is a less 
significant contributor to humic composition (Sutton and Sposito, 2005) . 
 
 
 
 
Figure 2.8. Structures of amino acids found in soil. 
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2.6 Aliphatic macromolecules: cutin and suberin 
 
Studies on organic matter in soils and sediments (SOM) as well as fossil fuels 
have shown that the matter is rich in long-chain polymethylenic functional groups 
(Deshmukh, 2005). In terrestrial systems, these components are believed to derive 
from plant cuticles containing the biopolymers cutin and cutan, and suberized parts of 
plant organs containing suberin (Nierop, 1998). It has also been shown that the 
aliphatic carbon content increases with increasing SOM decomposition (Baldock et 
al., 1997). That indicates that these components are diagenetically resistant and 
survive unaltered over time (Deshmukh et al., 2005). 
Cutin and suberin are polyesters that occur in vascular plants with resistant 
macromolecular structures present in cuticular membranes of a number of higher plant 
cuticles, and in a number of higher plant periderms. Cutin composes the 
macrocolecular frame of the plant cuticle in which the low molecular weight waxes 
and fats are embedded, forming the cuticle. The cutin polymer (Figure 2.9, a) is 
composed of di- and trihydroxy and epoxy fatty acids with a C16 and C18 chain length. 
In the C16 group, dihydroxypalmitic acid dominates, and in the C18 group, oleic acid 
and hydroxyoleic acid dominate. These are mainly linked by ester bonds and some 
ether bonds (Kolattukudy, 1980). By using one and two-dimensional high-resolution 
magic angle spinning (HR-MAS) NMR spectroscopy, with added information from 
solid-state 13C NMR spectroscopy, Deshmukh et al. (2003) found cutin from 
Lycopersicon esculentum (tomato) fruit to be predominantly an aliphatic polyester 
with some olefinic and aromatic moieties. Aside from esters, free primary and 
secondary alcohol groups, as well as free fatty acids were also evident. A significant 
finding was the presence of α-branched fatty acids/esters. Cutin is depolymerised and 
solubilised upon saponification, while cutan is the non-saponifiable and non-
extractable polymer found in certain cuticles e.g. tomato fruit. The structure of cutan 
is still not fully understood and probably contains functionalised benzene rings in 
addition to the aliphatic components (McKinney et al., 1996). Deshmukh et al. (2005) 
found cutan  to have mainly free primary hydroxyls, as well as long-chain carboxylic 
acids, which form ester linkages with trihydroxylated benzene units. Evidence for 
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benzenecarboxylic acids that are ester linked with fatty alcohols was also found in 
cutan.  
Suberin is a cell wall component of cork cells, which compose the periderm 
layer of surficial as well as subterranean parts of woody plants. Suberin is also found 
in the endodermis and in bundle sheath cells of grasses. The content of suberin is 
particularly high in bark and in plant roots. Suberin is composed of aliphatic and 
aromatic components (see Figure 2.9, b). It contains monomers with a chain length of 
C20-C30, in particular 1-alcanols, fatty acids, ω-hydroxy fatty acids, and especially α, 
ω-dioic acids with a C16 or C18 chain length. In addition, suberin contains phenolic 
acids, especially hydroxycinnamic acids (Kögel-Knabner, 2002). An insoluble, non-
saponifible, aliphatic biomolecule suberan has been found in a study of outer bark 
tissues of angiosperm samples (Tegelaar et al., 1995).  
 
 
Figure 2.9. Monomers of a), cutin and b), suberin (Kolattukudy, 1981) 
 
2.7 Lipids 
 
Lipids are organic substances that are insoluble in water but extractable with 
non-polar solvents. Lipids include fats, waxes, and natural hydrocarbons. In general, 
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biochemists reserve the term lipid for naturally occurring compounds that give fatty 
acids when hydrolyzed.  Lipids occur in both plants and microorganisms.  Table 2.1 
presents an overview of the composition and occurrence of various lipid classes in 
plants and microorganisms. The surface lipids of plants are comprised of different 
structural groups. These cover the surface of leaves and needles with a thin layer as a 
component of the plant cuticle (Kögel-Knabner, 2002). Lipids are outside of the HS 
classification, and their removal should be regarded as a prerequisite for studies of 
humic compositions. However, although some of the lipid contents are removable in 
nonpolar solvents, it is very difficult to remove all of the lipid substances because they 
can form strong associations with other components in the operationally defined 
humic fractions, and especially the HA and humin components (Clapp et al., 2005). 
Applications of pyrolysis (Py) analytical procedures have significantly 
advanced our awareness of long chain hydrocarbons, esters, acids, and alcohols in the 
soil environment. Alkanes, alkenes, fatty acid n alkyl esters, and alkyl aromatics 
(aromatic rings linked covalently to aliphatic chains) were among the products 
identified by Py GC–MS) in studies by Schnitzer and Schulten (1995) of whole soils 
and of different sized fractions from soils (Clapp et al., 2005).  
Huang et al. (1998) carried out Py–GC–MS and in-source Py-electron impact 
(EI) MS studies on the dissolved organic matter (DOM) and on its parent SOM in the 
litter, as well as in the humified organic horizons, and in the mineral soil of a peaty 
gley upland soil at the summit of the Great Dun Fell. The major pyrolysis products 
included compounds derived from carbohydrates, lignin, and fatty acids (some with 
>50 C atoms). The fact that fatty acids were especially abundant in the Oh horizon is 
significant. Their abundance in the Oh horizon, and the corresponding decrease in 
lignin-derived components in that horizon was considered to reflect the extent of 
resistance of the acids to biological degradation. The C22 to C36 n-fatty acids were 
considered to arise from leaf waxes, and the C14 to C18 and unsaturated fatty acids 
could originate from both plants and microorganisms. The very long chain fatty acids 
(C43–C53) were considered to have likely origins in mycobacteria. The n-fatty acids in 
the DOM were shorter (maximum C22 with C16 dominant) indicating that bound lipids 
of longer chain lengths are less likely to be mobilized by water leaching (Clapp et al., 
2005). Grasset et al. (2009), using thermally assisted hydrolysis and methylation, 
found that lipids in clay associated organic matter were mainly short-chain fatty acids 
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and hydrocarbons and had an exclusively microbial origin. Traditional pyrolysis and 
pyrolysis with TMAH revealed evidence of aliphatic biopolymer inputs to peat HAs 
(Li et al., 2006). Generally, the short chain aliphatics (i.e. ≤C20), especially the 
distribution pattern of the fatty acids, highlight a microbial contribution, while long 
chain aliphatics (i.e. > C20) are usually derived from plants, such as leaf cuticles, and 
suberized tissues of plant bark and roots (McKinney et al., 1996). The distribution 
pattern of the aliphatic pyrolysates in this study reflected both of these sources. A 
portion of the fatty acids were assigned as trapped fatty acid in the humic network 
rather than ester bonded with the humic macromolecule (Li et al., 2006). 
 
Table 2.1. occurrence of various lipid classes in the surface lipids of plants and 
microorganisms (Kögel-Knabner, 2002). 
 
 
2.8 Glomalin 
 
Wright and Upadhyaya (1996) discovered an abundant and persistent 
extracellular protein produced by arbuscular mycorrhizal fungi (AMF), which was 
named ‘glomalin’, after the source organism phylum ‘Glomeromycota’. Glomalin is 
reportedly a non-water soluble, highly persistent glycoproteinaceous substance 
(Wright and Upadhyaya, 1998) produced in mycorrhizal fungal cell walls, released 
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upon hyphal death, and remains in soil after hyphal death (Driver et al., 2005). 
Glomalin has been linked to aggregate stability, long-term C and N storage (Wright 
and Upadhyaya, 1998) and responds to land use changes (Rillig et al., 2003). The role 
of glomalin in the ecosystem is still unclear; however, the hypothetical role has 
evolved from that of an active secretion to enhance soil aggregation (Wright and 
Upadhyaya, 1996), to a hydrophobin that modifies water acquisition (Rillig, 2005), 
and finally, to a hypothesis that glomalin is specifically related to fungal metabolism, 
and that its role as a persistent soil protein is fortuitous (Purin and Rillig, 2007). An 
extraction method meant to optimize glomalin recovery has been developed, with the 
accepted protocol involving a harsh extraction of soil by autoclaving in a sodium 
citrate buffer (Gillespie et al., 2011). Glomalin is thus operationally defined, and 
instead of referring to this substance as ‘glomalin’, researchers now use the broader 
term ‘glomalin-related soil protein’ (GRSP), reserving the term ‘glomalin’ for the 
purified protein or gene product (Rillig, 2004). The chemical nature of glomalin has 
yet to be conclusively determined; it is unlikely that the chemical structure of 
glomalin can be elucidated from the mixture extracted as GRSP. Instead, an 
investigation into the specific biochemistry of immunoreactive assays currently used 
to define GRSP, followed by proteomic characterization of monoxenic mycorrhizal 
cultures may be required to advance our understanding of the chemical nature and 
agronomic significance of GRSP in soils (Gillespie et al., 2011). 
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Chapter 3 Extraction of Humic substances (HS) from soil 
 
3.1 Introduction          
It is argued that the use of chemical procedures to isolate organic matter from 
soil alters the compositions of the organic materials, such that subsequent studies are 
carried out on artefacts. The other side of the argument is that the organic matter 
components of soils constitute such a gross mixture of materials that it is impossible 
to get an awareness of the composition of the mixtures without isolating the 
components from their natural environments. The structure of the macromolecules of 
life, such as proteins, nucleic acids, and polysaccharides, would not have been 
established without isolating these from their biological habitats (Clapp et al., 2005).  
Because of the heterogeneous nature of humic substances (HS), the major 
components of SOM, the structures and compositions of the resistant recalcitrant 
components of HS may only be studied when ‘purer’ homogenous fractions are 
extracted and isolated. 
3.2 Extraction of Humic Substances 
 
The chemical and colloidal properties of SOM can be studied only in the free 
state, that is, when freed of inorganic soil components. Thus the first task of the 
researcher is to separate the organic matter from the organic matrix of sand, silt and 
clay (Stevenson, 1994) 
According to Dubach and Mehta (1963) and Stevenson (1994), the ideal 
extraction method is one which meets the following objectives: 
1. The method leads to the isolation of unaltered material. 
2. The extracted HS are free of inorganic contaminants, such as clay and 
polyvalent cations. 
3. Extraction is complete, thereby insuring representation of fractions from the 
entire molecular-weight range. 
4. The method is universally applicable to all soils. 
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Clapp et al. (2005) discussed the forces that hold molecules together. These include 
interparticle forces such as multipole interaction, induction forces, dipole-induced 
dipole interactions, van der Waals forces, and hydrogen bond interactions. Solvents 
for SOM components must be able to overcome the forces holding the molecules in 
their associations. 
Properties have been proposed for effective solvents for the isolation of HS. 
Solvents should have (Whitehead and Tinsley, 1964; Clapp et al., 2005): 
1. A high polarity and a high dielectric (or permittivity) constant to assist the 
dispersion of the charged molecules. 
2. A small molecular size to penetrate into the humic structures. 
3. The ability to disrupt the existing H bonds and to provide alternative groups to 
form humic-solvent hydrogen bonds. 
4. The ability to immobilize metallic cations. 
3.2.1 Aqueous solvent extraction  
3.2.1.1 Alkaline extraction  
 
The classical methods for the isolation of SOM components use aqueous base or 
neutral salt solutions, and combinations of aqueous base and pyrophosphate (Hayes, 
2006). 
Water is an excellent solvent for HS when the acid groups of the humic 
molecules are dissociated, and the structures are expanded to allow solvation of the 
conjugate bases of the acids groups and the polar moieties in the structures. This 
dissociation is best accomplished with the use of strong basic aqueous solutions 
(Hayes, 1985). 
In mineral soils, the humic substances are associated with each other, with 
charge-neutralising cations, with other organic components of humus, and by the 
inorganic colloidal constituents. The conglomerate soil colloid is considered to be 
composed of associations of clays, various hydroxides, especially those of iron and 
aluminium, and humus material composed for the most part of HS and 
polysaccharides (Hayes, 1985).  Calcium and other polyvalent cations (e.g., Fe and 
Al) are responsible for maintaining the organic matter in a flocculated and insoluble 
condition. Because such ions are undissociated, or only weakly dissociated from the 
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anionic functional groups, they give rise to a type of cross-linking effect from inter- 
and intrastrand hydrogen bonding, and from bridging in the cases of divalent and 
polyvalent cations. Accordingly, reagents that inactivate these cations by forming 
insoluble precipitates or soluble coordinate complexes lead to solubilisation of the 
organic matter in a medium containing Na+, K+, or NH+ ions (Stevenson, 1994). Salt 
solutions form complexes with the polyvalent metals that neutralise the charges on HS 
and link these to the inorganic soil colloids. These polyvalent ions are replaced by 
sodium ions from the salt. The efficiency of each solvent system will depend on the 
extent to which the resident cations are exchanged and removed from the HS  (Hayes, 
1985). 
Neutral salt solutions allow some degree of solvation of HS in water. Up to 30 
% of SOM can be extracted as HS by sodium and potassium salts of inorganic and of 
organic acids (Bremener and Lees, 1949; Clapp et al., 2005).  A 0.1 M solution of 
sodium pyrophosphate (Na4P2O7) neutralised with phosphoric acid (H3PO4) was 
found to be the best. However, because weakly dissociated acidic functional groups 
are not ionized at neutral pH values, only the more highly oxidized or transformed 
humic materials are dissolved in neutral salt solutions (Hayes, 2006). 
Achard (1786) was first to attempt to isolate humic substances for soil by 
extracting peat with alkali and obtaining a dark, amorphous precipitate upon 
acidification (Stevenson, 1994). Since then aqueous basic solutions have been the 
predominant solvent system for the isolation of HS (Clapp et al., 2005). The first 
comprehensive study of the origin and chemical nature of HS was carried out by 
Sprengel in 1826 (Stevenson, 1994). The operational definitions of SOM based on 
solubilities were first introduced by Sprengel in 1837 (Sprengel, 1837; Hayes, 2006). 
The solubility of HS in alkali is believed to be caused by conversion of acidic 
components to ions and subsequent formation of a physical solution in aqueous 
solution (Stevenson, 1994). According to Clapp et al. (2005), the highly alkaline 
conditions cause all the acidic groups in the molecules to dissociate and the repulsion 
of charge gives the fully expanded (swollen) structure. Thus, the anionic and polar 
sites can readily be solvated with water molecules. As the pH of H+-exchanged 
systems in aqueous media is raised, the protons dissociate and water molecules cluster 
around the negatively charged conjugate bases, and the structures dissolve (Hayes, 
2006). 
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A sequence of pyrophosphate and alkaline mixtures at different pH values was 
used for isolation of HS from soils (Hayes et al., 1996; Clapp and Hayes, 1996). The 
solvent system was as follows: (1), 0.1 M Na4P2O7 solution was adjusted to pH 7 with 
phosphoric acid. The humic fractions with relatively high charge densities 
(contributed from dissociations of carboxyl groups) are dissolved, and pyrophosphate 
complexes with the divalent/polyvalent metals, the sodium ions balance the charges 
on the organic acids that are dissolved at pH 7; (2), 0.1 M Na4P2O7 solution (pH 10.6). 
Phenols in the HS could be dissociated and thus solvated; (3), finally a mixture 0.1 M 
Na4P2O7 + 0.1 M NaOH was used. This would be expected to cause very weak acids 
(including enols) to dissociate and to solvate. 
Under alkaline conditions, autoxidation of some of organic constituents occurs 
in contact with air both during extraction and when the extracts are allowed to stand 
(Stevenson, 1994). The more alkaline the solution and the longer the extraction period 
the greater will be the chemical changes (Stevenson, 1994; Bremner, 1950). To 
minimise chemical changes caused by autoxidation, all steps should be carried out in 
the presence of an inert gas, e.g. N2 (Stevenson, 1994), and upon extraction the 
collected solutions should be adjusted to pH 7. 
A method proposed by the International Humic Substances Society (IHSS) in 
1981 has been used for the isolation of a collection of standard and reference HS 
materials (Swift, 1996). This method employed a pre-treatment with hydrochloric 
acid, which removes Ca and other polyvalent cations, thereby increasing the 
efficiency of extraction of organic matter with alkaline reagents (0.1 M NaOH) . 
(Stevenson, 1994). 
Hayes et al. (1996) employed an extraction method using aqueous extractants 
of different pH values. Extractions were carried out with 0.1 M Na4P2O7, adjusted to 
pH 7 with H3PO4, with 0.1 M Na4P2O7 (pH 10.6), and with 0.1 M Na4P2O7 plus 0.1 M 
NaOH.  Cross polarisation magic angle spinning 13C-nuclear magnetic resonance 
(NMR) spectroscopy revealed compositional differences between the humic fractions 
isolated at the different pH values. The spectra showed that the humic acids (HAs) 
and the fulvic acids (FAs) isolated at pH 7.0 had more aromaticity and acidic 
character than those isolated at the higher pH values. On the other hand, the fractions 
isolated at the higher pH values were more enriched in carbohydrate and (possible) 
carbohydrate-related components. The FAs extracted at pH 10.6 and pH 12.6 were 
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found to be relatively rich in O-aromatic substituents, and this applied especially to 
the HAs isolated at pH 12.6. That would indicate that the HS isolated at pH 7.0 were 
more highly humified, and those from the more alkaline conditions are plant-derived 
substances in the process of transforming to more highly oxidised HS. Song et al. 
(2008) employed a sequential exhaustive extraction solvent series using 0.1 M NaOH. 
Aqueous extractants of different pH values were utilised. Extractions were carried out 
with 0.1 M NaOH adjusted to pH 7 with 0.1 M HCl, with 0.1 M NaOH adjusted to pH 
10.6, and with 0.1 M NaOH.  CPMAS 13C-NMR spectroscopy revealed compositional 
differences between the humic fractions isolated at the different pH values. The 
spectra showed that the HAs and the FAs isolated at the pH 7.0 had less lignin 
characteristics and more acidic character than those isolated at the higher pH values. 
On the other hand, the fractions isolated at the higher pHs were more enriched in 
carbohydrate components. This would indicate that the HS isolated at pH 7.0 were 
more highly humified, and those from the more alkaline conditions are plant-derived 
substances in the process of transforming to more highly oxidised HS. 
3.2.1.2 Urea and NaOH 
 
High concentrations of urea are commonly used in biochemistry to disrupt non-
covalent bonds in proteins (Oh-Ishi and Maeda, 2002). It is also used to break the 
hydrogen bonds that aggregate humic fractions when modern analytical techniques 
are used (such as polyacrylamide gel electrophoresis (PAGE), capillary zone 
electrophoresis, high pressure size exclusion chromatography (HPSEC), etc.; (Piccolo 
et al., 2002; Peuravuori et al., 2004; Zhang and Lu, 1987)). 
Aqueous 10% urea was found to be a very poor solvent for H+-exchanged HAs 
but solubilisation was almost complete in 5 M urea (Clapp et al., 2005). Urea is a 
powerful hydrogen bound breaker. Hayes (2006) carried out exhaustive extractions at 
pH 7, 10.6, and 12.6, and then subjected the residual materials to repeated extractions 
with 0.1 M NaOH + 6 M urea. The NMR spectrum of the material in the urea extract 
from a Mollisol was very similar to that extracted at pH 12.6 (Song et al., 2008). 
However, in the case of an Irish Brown Podzolic soil the extracts in the basic urea 
medium were different from those in base. It is likely that the urea extract in the case 
of the Mollisol was protected from the base by, for example, hydrogen bonding 
processes or by steric constraints. Song et al. (2011) used a combination of base plus 6 
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M urea as a solvent system following prior exhaustive extractions of SOM in aqueous 
basic media. Urea (6 M) was found to enhance the abilities of 0.1 M NaOH to solvate 
humic materials. Solid-state 13C NMR spectra showed that the components isolated in 
the base + urea system were compositionally similar to the humic and fulvic acid 
fractions isolated at pH 12.6 in the aqueous media. They concluded that the base + 
urea system released humic and fulvic acids held by hydrogen bonding or by 
entrapment within the humin matrix.  
3.2.2 Extraction with Organic Solvents 
 
Aqueous media are the most common extractants used for the isolation of 
humic substances. Organic solvents have been used only occasionally, due to the 
difficulties of separating the solvent from the extracts, and the possibilities of 
alterations of chemical structures.  Hayes et al. (1975) carried out a comprehensive 
study using a series of organic and alkali solvents (dimethylsulfoxide, DMSO; 
dimethylformamide, DMF; ethylenediamine, EDA, pyridine, NaOH, Na4P2O7) to 
extract HS from an organic soil. In that work the dipolar aprotic solvents did not alter 
the humic extracts and were regarded as mild reagents. Ethylenediamine has similar 
extractabilities to NaOH, but was found to alter the chemical nature and composition 
of extracts.  
 Clapp et al. (2005) carried out an extensive review of the literature on the 
principles involved in the isolation of HS from soil. They put forward criteria for a 
good organic solvent for HAs: EF (electrostatic factor) values > 140; and with pKHB 
(a measure of the strength of a solvent as an acceptor in hydrogen bonding) values > 
2, and dispersion (δp), hydrogen bonding (δh), and proton acceptor (δb) values 
(Hilderbrand multicomponent parameters) of the order of, or greater than 6, 5, and 5, 
respectively. DMSO fulfils these requirements and is a good solvent. A good solvent 
for a non-electrolyte solute will have a solubility parameter (δ) value close to that of 
the solute. A mixture of two solvents, one with a δ value above, and another with a 
value below that of the solute can provide a better solvent system for the solute than 
any one of the solvents alone (Hayes, 1985). Dipolar aprotic solvents (DMSO, DMF, 
Acetone) in a mixture with 0.6 M HCl (8:2 v/v) was reported to extract HS by 
disruption of intermolecular H bonds (Piccolo et al., 1989).  
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3.2.2.1 Dimethylsulphoxide (DMSO) plus Sulphuric acid (H2SO4) 
 
According to Hayes (1985; 2006)  dimethylsulphoxide (DMSO), a dipolar 
aprotic solvent, is among the best organic solvents for the dissolution of HS. Law et 
al. (1985) have shown that acidified DMSO can compare favourably with aqueous 
solutions of NaOH for the isolation of HS from a sapric histosol. It is recognised as a 
good solvent for hydrogen bonded systems. However, it is a good solvent for cations 
but a poor solvent for anions. Exchangeable metal cations that neutralise the charges 
on the humic molecules in non H+-exchanged soil would be solvated by DMSO but 
the conjugate bases (carboxylates and phenolates) would not be solvated, until 
neutralised with hydrogen ions. Thus it is important to have the SOM components H+-
exchanged for solvation to take place in DMSO, and DMSO-concentrated acid 
mixtures can be used to isolate HS from non-H+-exchanged soils (Hayes, 2006).   
DMSO-H2O interactions are stronger than the associations between water 
molecules, and there are strong interactions also between DMSO and carboxyl and 
phenolic hydroxyl groups (Hayes, 2006).  
 
 
 
 
Figure 3.1. A hypothetical representation of associations between 
dimethylsulfoxide and the carboxyl, phenolic, and other hydroxyl functional 
groups in humic substances. R represents the remainder of the humic structures 
stretching from the complexed carboxyl and phenolic or other hydroxyl 
functional groups; φ represents an aromatic functionality (Hayes, 2006). 
 
 
The  hydrophilic face (the S=O functionality) of DMSO is involved in 
hydrogen bonding and in the solvation of cations, and its hydrophobic face or 
“backbone” can solvate non-polar functionalities (Häusler and Hayes, 1996). 
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Because DMSO is a poor solvent for anions, it is a poor solvent for ionized 
humates. Thus the solubilities of humates in DMSO are greatly enhanced when the 
HS are H+-exchanged. It is, however, an efficient extractant of the HS of mineral soils 
when the DMSO contains up to 6% of 12 M HCl. This gives rise to H+-exchanging by 
displacement of the metal cations neutralizing the negative carboxylate charges on the 
HS (Häusler and Hayes, 1996). 
The hydophobicity provided by the methyl groups complements the electron 
donor capabilities of the S and O in DMSO. The solvent has the ability to solvate 
hydrophobic functionalities, in addition to cation species, to form hydrogen bonds 
(Clapp and Hayes, 1996). Appelqvist et al.(1996)  found that H+-exchanging the soil 
prior to extraction improved the efficiency of the extraction with DMSO/HCl.  
Hayes (2006)  proposed that DMSO-concentrated H2SO4 mixtures could 
provide powerful solvent systems for HS, as used by Simpson for NMR studies of 
HAs. Simpson et al. (2007) employed this solvent system to isolate a humin fraction 
following extraction in aqueous base and in the basic urea medium. They showed that 
≥ 70% of the traditional humin fraction could be solubilised. Song et al., (2011) used 
a combination of base plus 6 M urea, followed by DMSO + 6% (v/v) sulphuric acid 
(H2SO4), as a solvent system following prior exhaustive extractions of SOM in 
aqueous basic media. They extracted 70-80% of the residual materials remaining after 
prior extractions in neutral and aqueous basic media. The NMR spectra indicated that 
the major components isolated in the DMSO + H2SO4 medium had aliphatic 
hydrocarbon associated with carbonyl functionalities and with lesser amounts of 
carbohydrate and peptide and minor amounts of lignin-derived components. The 
recalcitrant humin materials extracted in the DMSO + H2SO4 are largely biological 
molecules, from plants and the microbial population, that are likely to be protected 
from degradation by their hydrophobic moieties and by sorption to the soil clays. 
They concluded that the major components of humin do not satisfy the classical 
definitions for HS which emphasise that these arise from microbial or chemical 
transformations in soils of the components of organic debris.  
3.2.3 Sequential and Exhaustive Extraction of HS 
 
An extensive and exhaustive extraction procedure has been used on samples. 
This procedure involves pre-treatment of the soil sample with dilute HCl followed by 
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exhaustive extraction with a series of solvents of increasing alkalinity (See 
Experimental Section, Chapter 5). At pH 7 the more highly oxidised HS, with the 
greatest charge density, will be solvated.  At the higher pH, ionisation of the weaker 
acidic functionalities gives rise to enhanced solubility. As the pH of the extracting 
solvent is increased, additional functional groups become ionized and molecular 
conformations are changed by repulsions between adjacent negatively charged 
groups, and the HS solvate. 
For each soil type, four samples from different depths were selected. These 
included a 0-10 cm, 10-20 cm, 40-50 cm and 90-100 cm. One kg of ground, sieved 
soil was used for extraction in all cases.  Soil samples were H+-exchanged with 1 M 
HCl. Excess HCl was washed from the soil using distilled water until no precipitate 
formed in the presence of silver nitrate. The soil was subsequently extracted with 
solvents of increasing pH value, in the order: (1) 0.1 M NaOH adjusted to pH 7.0, (2) 
0.1 M NaOH solution adjusted to pH 10.6 (3) 0.1 M NaOH at pH 12.6 and (4) 6 M 
urea in the 0.1 M NaOH solution. 
The following procedure was used. The extraction solvent was added to the 
soil at a ratio of 1 Kg of soil to 4 L of solvent. The mixture was stirred for 2 hours 
using an overhead stirrer. The resulting suspension was left to settle for 2 hours, 
decanted, and centrifuged at 9800 g for 20 minutes. The supernatant was collected and 
filtered through  142 mm-diameter, 0.2 µm cellulose acetate membrane filters, under 
10 psi air. The filters were cleaned twice daily, and any residue was returned to the 
soil for further extraction. Extraction was continued in each case until the absorbance 
at 400 nm of the supernatant, after centrifuging was >1, using 1 cm cells.  
In the cases of the pH 10.6, pH 12.6 and 6 M urea + 0.1 M NaOH extractions were 
carried out under an atmosphere of N2 to avoid oxidation. Following sedimentation 
and decanting, the pH of the resulting supernatant was adjusted to between pH 7 and 
8. 
The residue collected on the filter membranes following filtration of the 6 M urea + 
0.1 M NaOH was collected, dialysed against distilled water until the conductivity was 
< 100 µS cm-1 and freeze-dried. These fine clay samples were subjected to further 
extraction using DMSO- 6% concentrated H2SO4. This was carried out by adding 
DMSO- 6% concentrated H2SO4 to the clay samples and stirring overnight. 
Extractions were continued until the colour of the extracts was negligible. The 
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resulting suspensions were diluted with distilled water. The solutions were centrifuged 
to separate the extracts. The solid materials were collected, dialysed, and freeze-dried.  
 
3.3 Fractionation of Humic Substances 
 
For the most part, the classical isolation procedures which use aqueous base 
solvents will isolate solute molecules that have significant polar functionalities, and 
especially ionisable functionalities that give predominantly the conjugate bases of 
carboxyl and phenolic groups. However, to some extent non-polar functionalities 
associated with the polar species are co-extracted. Classical and modern fractionation 
procedures make use of differences in solubility characteristics based on polarity, 
charge characteristics, sizes and shapes, as well as on the adsorption characteristics of 
the molecules in the isolates (Clapp et al., 2005). 
Fractionations based on solubility differences involve precipitations from 
solutions in bases. In principle, humic fractions whose acidic functionalities are 
predominantly weakly dissociable should be first to precipitate as the pH of the 
alkaline medium is lowered, and the strongest acids should be last. This can be 
translated into extent of humification, with the less humified fractions precipitating 
first and the most humified last (lower in the pH scale). Modern fractionation 
procedures use the principles on which the classical procedures are based, and in 
addition apply procedures based on the molecular sizes and shapes and sorption 
characteristics of the organic molecules. XAD-8 and XAD-4 resins have been used by 
water chemists for the isolation of HS from waters (Hayes et al., 1996).  
3.3.1 Fractionation of HS using XAD-8 and XAD-4 Resin Techniques 
 
Resin technology is used for the separation of HS from non-covalently linked 
saccharides, peptides and other organic impurities (Hayes et al., 1996). The resins 
used in the Amberlite XAD range (Rohm & Haas Co., Philadelphia). These are non-
ionic macroporus copolymers with large surface areas (Aiken, 1985). Such resins give 
rise to the selective sorption of the HS and allow the polar contaminants to pass 
through. The sorbed HS are subsequently recovered from the resin.  
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Figure 3.2. The structural components of (a) XAD-4, and (b) XAD-8 (Aiken, 
1985)  
 
XAD-8 is an aliphatic polymer of methyl methylacrylate and XAD-4 is an 
aromatic co-polymer of styrene-divinylbenzene. These resins are used to concentrate 
and isolate the NOM into hydrophobic and hydrophilic fractions by simply pumping a 
water sample at pH 2 through the resins; the material retained on the XAD-8 resin is 
defined as hydrophobic, while the NOM that passes through the XAD-8 and is 
retained on the XAD-4 resin is defined as hydrophilic. For soil samples, the extracts 
are redissolved in base, then diluted to <20 ppm, and the pH is adjusted pH to 2. The 
solution is then pumped on to XAD-8 and the extracts are back eluted in 0.1 M NaOH 
The pH of the eluate is dropped using 1 M HCl to give HAs and FAs. The material 
sorbed on the XAD-4 are back eluted in base and the eluates are passed through IR-
120 (H+ form) and the products are the XAD-4 acids. The XAD-8 technique provides 
an operationally defined chromatographic method for the isolation and fractionation 
of NOM or soil humic material. 
Aiken et al. (1979) concluded that XAD-8 resin was the most efficient of the 
XAD resins tested for the isolation of HS from soil and water.  HAs and FAs are 
retained by XAD-8 resin through weak interactions such as hydrogen bonding and 
van der Waals forces. As a result, the recovery of HAs and FAs from XAD-8 resin is 
in the region of 98 % (Malcolm, 1991). The HS retained by XAD-4 resin have little 
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aromatic character, and have a high carboxyl content. Typically, XAD-4 acids have a 
greater than 80% recovery from the XAD-4 resin (Malcolm and MacCarthy, 1992).   
Kuwatsuka et al. (1992) argued that XAD-8 resin treatment of soil FA 
fractions was unsatisfactory because, whilst FAs adsorb on the resin, the hydrophilic 
acids and neutrals (which are by definition part of soil HS) are eluted from the column 
and lost. Hence, to overcome these problems, XAD-8 and XAD-4 resin columns have 
been used in tandem for the isolation of HS. The soil extracts are first passed down 
the XAD-8 column where the HAs, FAs and hydrophobic neutrals are adsorbed. The 
eluate from the XAD-8 column is passed down the XAD-4 resin column, during 
which the hydrophilic acids and neutrals are adsorbed.   
 In the case of XAD-4 resin, adsorption of HS involves hydrophobic 
interactions and the kinetics of sorption of HS on the aromatic resin is low . XAD-8 is 
more hydrophilic and so has faster kinetics of sorption, allowing equilibrium to be 
reached more rapidly (Aiken, 1985). It also has higher sorption capacities and is more 
efficiently back eluted. The “hydrophobic effect” is the principal driving force for 
sorption on these resins. Sorption of organic acids such as humic substances is 
determined by the solute’s aqueous solubility and solution pH (Thurman et al., 1978; 
Aiken, 1985). At low pH, weak acids are protonated and absorbed on the resin; at 
high pH, weak acids are ionised and desorption is favoured.  
A procedure, based on that of Malcolm and MacCarthy (1992) and used by  
Ping et al. (1995) was adapted by  Hayes et al. (1996) for the fractionation of HS on 
the basis of charge density differences. In this procedure soils are exhaustively 
extracted with distilled water, with 0.1 M Na4P2O7, adjusted to pH 7 with H3PO4, with 
0.1 M Na4P2O7 (pH 10.6 under N2 gas), and with 0.1 M Na4P2O7 plus 0.1 M NaOH 
(under N2 gas). The aqueous solutions were treated in a manner similar to that for HS 
in water. In the cases of all extracts in alkaline solutions media, the extracts were 
diluted and the pH adjusted to 7 to 8. Then the solutions were filtered through 0.2-µm 
pore-size filters, and the filtrates were diluted to <50 mg L-1 or to a concentration in 
which there was no evidence for coagulation or precipitation when the pH was 
adjusted to 2. 
This solution, at pH 2, was applied to XAD-8 and XAD-4 resins in tandem. 
The materials held on the column were then desalted by passing distilled water 
through the columns until the conductivity was <100 µS cm-1. The XAD-4 column 
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was then back eluted by pumping 0.1 M NaOH from the bottom to the top. The eluate 
was passed through IR-120 (H+-exchanged) resin and the H+-exchanged product was 
freeze-dried to yield the XAD-4 acid fraction. The XAD-8 resin was desalted and 
back eluted. The pH of the eluate was adjusted to less than 2 with 6 M HCl. This 
caused precipitation of the HAs. The FA was separated from the HA precipitate by 
sedimentation and centrifugation. The FA solution was then desalted by passing onto 
the XAD-8, at pH 2, and washed with distilled water until the conductivity is <100 µS 
cm-1. Back elution followed, and the eluate was passed through IR-120 resin and 
freeze-dried. The HA may be dialyzed to remove salt and then freeze-dried. 
Hayes and Graham (2000) used XAD-8 to further desalt and fractionate the 
HA fraction. The HAs were dissolved in 0.1 M NaOH and the solution was diluted 
until the concentration was < 20 ppm. The pH was adjusted to 2 and applied to the 
XAD-8 resin. It was found that during the desalting process some coagulated 
materials were washed through. The materials retained on the column were recovered 
as described for the FA. The non-solubilised materials that eluted during desalting 
were redissolved in 0.1 M NaOH, diluted as before, and applied to the XAD-8 resin at 
pH 2.5. Again some coagulated material was recovered during desalting. The process 
was repeated at pH 3.0 and at pH 3.5. This method was applied to a HA from a 
Mollisol, two fractions were obtained. The NMR spectra indicated that the fractions 
were compositionally different.  
Hayes et al. (1996) presented the CP/MAS 13C NMR spectra of HAs 
precipitate formed between pH 2.5 and pH 2.0 (for a dilute solution isolated at pH 7 
from a pasture soil), and the material isolated that had remained in solution at pH 2.0. 
This latter material was subjected to fractionation by the XAD-8 and XAD-4. The 
spectra of the pH 2.5-2.0 precipitate were very different from that which had stayed in 
solution. The precipitate had low aromaticity, high carboxyl, some methoxyl, and 
strong resonances in the 60-90 ppm. However, the NMR spectra of the humic acids 
precipitate formed between pH 2.5 and 2.0 from the extract at pH 12.6 was identical 
to humic acids isolated at the same pH but which remained in solution at pH 2.0. 
Byrne et al. (2006) also presented the 13C NMR spectra of humic acids fractions 
isolated from a dilute solution isolated at pH 7 from a grassland soil (Clonakilty, 
Ireland). The spectra of HA1 (that remained in solution at pH 2.0 from a dilute 
solution isolated) and of HA2 (precipitate at pH 2.0, dissolved in base and adjusted to 
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pH 2.5, then applied to XAD-8) were compositionally different. The HA 1 had greater 
carbohydrate and methyl C, and less aromatic and O-aromatic C functionalities 
compared to the HA 2. 
3.3.2 Resin Fractionation Procedure 
 
Extracts, diluted with distilled water to a concentration (<50 mg L-1) were 
adjusted to pH 2.0 (HCl), left to stand overnight, and then pressure filtered to remove 
any precipitate formed. Filtrates were pumped through XAD-8 and XAD-4 resins in 
tandem, and then two column volumes of 0.01 M HCl was pumped through to ensure 
all of the sample had passed through both columns. Each resin was desalted separately 
with distilled water until effluent conductivities were < 100 µS cm-1. Any coagulated 
unsolubilised material released in the desalting process was collected and added to the 
precipitate (if formed). Back elution was carried out using 0.1 M NaOH and the centre 
cut eluates from XAD-8 were adjusted to pH 1.0. The HAs that precipitated overnight 
were isolated by filtration, suspended in distilled water, dialysed till chloride free, and 
freeze dried to give the HA 1 fraction. Supernatants (FAs at pH 1.0) were desalted, 
using XAD-8 resin and distilled water, until the effluent conductivities were < 100 µS 
cm-1, then the columns were back eluted using 0.1 M NaOH. Effluents were H+-
exchanged (IR-120, H+-form) and eluates were freeze dried to give FA 1. The XAD-4 
resin was desalted, back eluted with 0.1 M NaOH, H+-exchanged, and freeze dried to 
give the XAD-4 acids. This procedure is based on that developed by Malcolm and 
MacCarthy (1992). 
The HA precipitate formed at pH 2.0 was redissolved in 0.1 M NaOH, diluted 
with distilled water to a concentration <50 mg L-1, and the pH was adjusted to 2.5. 
Any precipitate formed on standing overnight was recovered by filtration. The filtrate 
was treated as outlined above, yielding HA 2 and FA 2. The HA precipitate collected 
at pH 2.5 (if any) was redissolved, diluted, adjusted to pH 3.0, and any precipitate 
formed was collected. The filterate was treated as outlined above. This procedure was 
continued until no precipitate formed. The humin material isolated from DMSO + 6% 
H2SO4 was insoluble in alkaline solutions; this material could be recovered only by 
dialysis. 
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3.3.3 Fractionation with other resins 
3.3.3.1 DAX-8 resin 
 
The Amberlite XAD-8 resin, the most popular non-ionic adsorbent for 
fractionation of HS, is no longer commercial available, but it can be substituted by 
Superlite DAX-8 resin (Farnworth, 1995). DAX-8 is a poly(methylmethacrylate) resin 
and although the process used in the manufacture of these two resins is slightly 
different, the technical specifications (e.g. pore size and surface area) of DAX-8 differ 
very little from those of XAD-8. 
Studies have compared the use of DAX-8 and XAD-8 resins to fractionate 
aquatic humic samples (Lehtonen et al., 2000; Peuravuori et al., 2001). On average, 
the sorptive efficiency of the DAX-8 resin was found to be somewhat greater than the 
XAD-8 resin. The hydrophobic fraction isolated by the DAX-8 was greater than by 
the XAD-8 resin, and hydrophobic neutral fraction isolated by the DAX-8 was less 
than from the XAD-8 resin.  There are no significant differences between the major 
elemental compositions of humic substances isolated by the two resins. In general, the 
DAX-8 and XAD-8 resins isolated bulk humic fractions almost equally (hydrophobic 
fraction plus hydrophobic neutral), although the content of aliphatic moieties was 
slightly greater for the DAX-8 resin. For all practical purposes the compositions of the 
fraction recovered from the two resins were similar. 
3.3.3.2 Diethylaminoethyl Cellulose(DEAE)  Resin 
 
DEAE cellulose [Diethylaminoethyl Cellulose: -OC2H4N(C2H5)2] has been 
reported for the isolation of aquatic HS, and comparisons have been made between 
the HS isolated using DEAE and some XAD resins (Peuravuori et al., 2001; 
Peuravuori et al., 1997). DEAE cellulose is a weak anion exchange resin and can 
adsorb humic matter without any pH adjustment of the water samples in the pH range 
of 4-8, thus making the method well suited for isolation of aquatic HS in the field.  
DEAE-cellulose resin was found to adsorb 94% of humic substances in peat 
waters compared to XAD-2 resin which adsorbed 74% (Hejzlar et al., 1994). 
However, 98% of the absorbed HS could be recovered from the XAD-2 resin (using 1 
M NH4OH and methanol, 91% and 7%, respectively) whereas only 76% of the aquatic 
HS adsorbed onto DEAE-cellulose was recovered using 0.1 M NaOH.  
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3.3.3.3 PVP Resin 
 
Polyvinyl pyrrolidone (PVP) resin, a functional cross-linked resin, (Peuravuori 
et al., 2005) has been recommended by IHSS for the isolation of HS should the XAD-
8 resin be not available.  
Under acidic conditions aromatic carbon moieties are preferential adsorbed on 
PVP resin. The organic components not adsorbed by PVP are primarily 
carbohydrates, proteins, amino acids, and uronic acids in solution. The ability of the 
PVP resin to retain organic humic solute is very high; it can isolate > 86% of DOM 
compared to DEAE cellulose method (77%) and XAD-8 resin method (65%) for the 
same water sample (Peuravuori et al., 2005). Therefore it may adsord materials that 
would be contained in the XAD-4 fraction should the XAD-8 and XAD-4 resins in 
tandem procedure be used. 
3.3.4 Isolation of HS from Aquatic Samples.  
 
The concentration of DOM in aquatic systems has a broad range, from <1 mg 
L-1 DOC for ground water to several hundred mg L-1 DOC in soil seepage water in the 
upper layer of the soil horizons. For most analytical methods, either the DOC content 
of the water sample is too low, or there are interferences with the inorganic 
constituents. Therefore a pre-treatment of the sample is often needed (Frimmel and 
Abbt-Braun, 2009).  
 
Table 3.1 shows the concentration techniques often used for DOM.  Concepts 
for the isolation of standard and reference material from different origins are 
recommended by the IHSS (I.H.S.S, 2008). The recommended method is based on the 
use of XAD-8 and XAD-4 resins as outlined above for SOM fractionation. According 
to the XAD method DOM is fractionated into the hydrophobic and hydrophillic 
fractions. The hydrophobic fraction is sorbed onto the XAD-8 resin at low pH values 
(pH ≤2). The humic acid fraction can then be precipitated at < pH 2 and the soluble 
FA fraction can be desalted using a cation exchange resin. In some cases, when the 
concentration is low, the hydrophobic fraction is not further fractionated in HA and 
FA but remains whole as the hydrophobic acid fraction. The hydrophilic fraction can 
be isolated by passing the material that has passed through the XAD-8 resin on to an 
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additional macroporous resin, such as XAD-4 resin, to trap the hydrophilic 
components.  
The fractions obtained after fractionation are operationally defined. After 
isolation, freeze-drying is often used to stabilize the final fraction and to prevent 
chemical and biological reactions during storage (Frimmel and Abbt-Braun, 2009).  
 
 
Table 3.1. Isolation methods for DOM (Frimmel and Abbt-Braun, 2009). 
Method Advantages Disadvantages 
Membrane filtration such 
as ultrafiltration, 
nanofiltration, and reverse 
osmosis 
Fractionation of DOM 
according to the pore size, 
high yields, and large 
volumes possible 
Inorganic impurities (ash 
content), membrane 
fouling 
Nonionic macroporous 
resins 
Broad pH  range, simple 
fractionation, regeneration 
of resins, large volumes 
possible, high capacity 
High pH needed for 
desorption, irreversible 
sorption possible, resin 
bleed. 
Ion exchange resin Specific ionic interaction, 
high capacity, large 
volumes possible 
Resin bleed, limited 
regeneration, irreversible 
sorption possible 
Freeze-drying Structure protective Slow, needs pretreatment 
for good results 
Sorbent extraction Exclusion of salts Limited solubility of 
humic matter, partly 
irreversible sorption 
Alumina High sorption capacity, no 
organic bleed 
Irreversible sorption and 
chemical change of 
sorptive possible 
Activated carbon High sorption capacaity, 
chemical imputities 
Strong irreversible 
sorption, biofouling 
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3.3.5 Instrumental Fractionation Techniques 
 
 Knowledge of the weak forces which cause the self-assembling of humic 
molecules can lead to the development of isolation and fractionation methods based 
on interactions with chemical species, such as organic acids, urea, DMSO, mono- or 
polyvalent cations which can disrupt the apparently large humic associations to give 
fractions that are homogenous, or chemically simpler. Many modern instrumental 
fractionation techniques are based on molecular size differences, and sorption 
characteristics of the organic molecules (Clapp et al., 2005). 
3.3.5.1 Gel Permeation Chromatography 
 
Gel permeation chromatography (GPC), or low pressure size-exclusion 
chromatography has been applied widely to humic fractions to determine molecular 
sizes and to obtain more size-homogeneous materials. GPC utilises gels that are 
mostly composed of polysaccharides, such as the Sephadex gels, and (poly) 
acrylamide resins of different pore sizes (Piccolo, 2001). A number of interferences 
may occur in GPC with HS, such as electrostatic repulsion between the negative 
charges present on both the solute molecules and the gels, and hydrophobic 
interactions between the dissolved HS and the stationary phase; these issues interfere 
with the chromatographic elution of HS. Adjustment of the ionic strength of the 
mobile phases have been recommended to prevent electrostatic interactions and 
enhance hydrophobic adsorption on the gel solid phase (Piccolo, 2002) . 
High pressure size exclusion chromatography (HPSEC) has enormous 
advantages over traditional low pressure GPC; as it has a higher reproducibility of 
chromatography, it is relatively faster, the column has a longer life, and it has higher 
sensitivity to chemical changes (Piccolo, 2001). Piccolo et al. (2002)  used HPSEC to 
size fractionate humic acids. They have found that 10-3 M acetic acid disrupted the 
weakly bonded association of the humic supramolecular structure. Characterization 
with Py- GC-MS showed that the acetic acid treatment changed the distribution of 
humic molecular components in the size-fractions from larger molecular-size into 
those of lower molecular-sizes. The fractions with the largest apparent molecular size 
were the richest in alkyl chains, suggesting the humic supramolecules were stabilized 
mostly by multiple weak interactions among alkyl chains and aromatic moieties.  
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3.3.5.2 Electrophoretic Separation 
 
Electrophoresis is widely used for the separation of ionized and ionisable 
compounds such as amino acids, lipids, nucleotides, and charged sugars, peptides, and 
complex protein mixtures, etc. (Haleem, 2000). Because of the polyelectrolyte nature 
of humic fractions, the use of electrophoresis techniques can be employed to separate 
humic substances, and to estimate their molecular weights (de Nobili et al., 1987; 
Dunkel et al., 1997; Kovacs and Posta, 2005). Dunkel et al., (1997) compared 
different electrophoresis techniques in a study of the separation of aquatic humic acids 
and fulvic acids. The addition of 5 M urea to the running buffer facilitated the 
separation of the complex humic molecular aggregates, and resulted in an increase in 
the number of peaks in the electrophoretogram. Kovacs and Posta (2005) applied 
Capillary isoelectric focusing electrophoresis (CIEF) for the separation of soil HAs. 
Under an optimized condition, 30 to 50 stable fractions could be obtained.  
3.3.5.3 High Performance Liquid Chromatography (HPLC) 
 
HPLC provides fast analysis, high sensitivity, and the easy recovery of the 
subfractions. Thus it can be beneficial in structural identifications of humic samples. 
Fievre et al. (1997)  applied HPLC procedures to separate standard Suwannee river 
fulvic acids. The mobile phase utilised was composed of 50% methanol and 50% 
water (v/v) containing 1% acetic acid (v/v). The HPLC procedure gave two fulvic 
acid subfractions. High-field (9.4T) Fourier transform ion cyclotron resonance mass 
spectroscopy was applied to the fractions, and the mass spectra of the two 
subfractions were similar. Sierra et al. (2006) fractionated estuarine fulvic and humic 
acids by reverse phase-HPLC (RP-HPLC) in a water/acetonitrile gradient and 
fluorescence detection was used. More than six fractions were seen in the 
chromatograms. The HAs were found to contain more hydrophobic components. Data 
from the fluorescence detection indicated that most fractions were similar to those of 
the bulk samples indicating that, despite their distinct polarities, the complexities and 
main spectral characteristics of the materials persisted. They suggested that the results 
reinforced concepts that humic molecules consist of assembles of structurally similar 
building blocks. Hyphenation of LC and NMR has been used in characterization of 
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HS. LC is utilised to fractionate the sample before analysis using NMR. A solid-phase 
extraction (SPE) interface between HPLC and NMR can also be utilised to replace the 
chromatographic solvent with a different solvent for NMR analysis. Simpson et al. 
(2004) made a preliminary study using LC-NMR and LC-SPE-NMR to investigate 
heterogeneous NOM. LC-SPE-NMR has proven to be a potential technique for the 
separation and concentration of specific components, and thus making better 
characterization by NMR possible. 
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Chapter 4 Introduction to Spectroscopic analysis of Humic 
Substances. 
 
4.1 Fourier Transform –Infra red (FT-IR) Spectroscopy  
 
Infrared (IR) radiation refers broadly to that part of the electromagnetic 
spectrum between visible and microwave regions. IR spectroscopy is one of the most 
powerful tools available to the chemist for identifying pure organic and inorganic 
compounds because, with the exception of a few homonuclear molecules such as O2, 
N2 and Cl2, all molecular species absorb infrared radiation. The limited range of 
wavenumbers between 4000 to 400 cm-1 are of most use to the soil chemist (Martin-
Neto et al., 2009). 
Fourier Transform infrared (FT-IR) spectroscopy has been extensively 
developed over the past decade and provides a number of advantages. One of the 
main advantages of the FTIR spectrometer is the facility of sample preparation 
procedure. It is possible to press the powder into a pellet. For the mid-IR frequency 
range, KBr, KCl, or diamond dust can be used. Identification of organic substances 
from a FTIR spectrum starts by determining which functional groups are most 
probable to be present by considering the observed frequency region, followed by a 
detailed comparison of the spectrum with correlation tables (Martin-Neto et al., 2009). 
A characteristic FTIR spectrum of HS shows overlapping bands as a result of its 
complex mixture of organic molecules, which indicates the diversity of functional 
groups in the structure (Stevenson, 1994). FTIR is a very useful tool to observe 
structural variations of HS due to environmental changes resulting from soil tillage. 
Chang Chien et al. (2006) studied the characteristics of HAs extracted from soils of 
field plots which had undergone 8 years of annual paddy (Otyza sativa L. ) and upland 
maize (Zea mays L.) rotation with different fertilizations. The spectra revealed main 
changes in the regions 1240-1245 cm-1 (C-O stretching vibrations of esters, ethers and 
phenols), 1036-1038 cm-1 (alcohols and carbohydrates) and at 1135-1140 cm-1 (C-O 
stretching vibrations of carbohydrates). These results, in addition to other analyses, 
indicated the input of fresh C in the composition of SOM, as well as an increase of the 
SOC turnover rate.  
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Senesi et al., (2003) used FT IR to characterise humic acids that were isolated 
from the first generation of the EUROSOILS, a reference set of five samples 
representing the most widespread soil units in the European Union. Common features 
of comparable relative intensity in the FT IR spectra of the five HAs were: (a) the 
intense and broad band centered between 3386 and 3370 cm-1 and attributed to the 
stretching of hydrogen-bonded OH and NH groups; (b) a shoulder at 3080–3030 cm-1 
attributed to aromatic CH stretching, whose weak relative intensity can be due to the 
extensive substitution of aromatic rings in HA macromolecules and/or to masking 
from the broad band of the OH stretching; (c) an intense peak at 2928–2917 cm-1 and 
a weaker peak at 2861–2848 cm-1 ascribed to asymmetric and symmetric stretching of 
aliphatic CH bonds; and (d) two weak peaks in the region 1080–1030 cm-1, which are 
respectively assigned to C–O stretching of polysaccharide-like components and Si–O 
of silicate impurities. 
Francioso et al. (2000) used FTIR to investigate the molecular changes in 
SOM treated with different residues. The experiment consisted of soil treated over a 
22- year period with different amendments: cattle manure, cow slurries, and crop 
residues. The presence of a new band at 1640 cm-1 in the SOM from soil amended 
with cattle manure, described as either NH2 bending or amide 1 motions, was 
supported by an increase of total organic N concentration. The increase of absorption 
at 1409 cm-1 (from phenolic components) was more intense in the SOM sampled from 
soil amended with cattle manure.  
 
Table 4.1. Major IR absorption bands and assignments for humic substances 
(Senesi et al., 2003). 
 
Wave number cm-1 Assignment 
3450-3300 O-H stretching, N-H stretching, hydrogen-bonded OH 
3080-3030 Aromatic C-H stretching 
  
2950-2840 Aliphatic C-H stretching 
1725-1710 C=O stretching of COOH, aldehydes, and ketones 
 
1660-1630 C=O stretching of amide (amide I band) /or H-bonded conjugated 
ketones, 
C=O of quinone and/or H-bonded conjugated ketones 
1620-1600 Aromatic C=C stretching, COO- symmetric stretching 
1540-1510 N-H deformation and C=N stretching (amide II band), aromatic C=C 
stretching 
1460-1440 Aliphatic C-H deformation 
1420 C=C stretching of primary amides (amide III band) 
1400-1380 O-H deformation and C-O stretching of phenolic OH, COO- 
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antisymmetric 
stretching 
1260-1200 C-O stretching of aryl ethers and phenols 
1170-1120 C-OH stretching of aliphatic O-H 
1080-1030 C-O stretching of polysaccharides or polysaccharide-like substances, 
Si-O of 
silicate impurities 
975-775 Out-of-plane bending of aromatic C-H 
 
Useful information can still be obtained by comparing the spectra of different 
samples and the changes that arise in similar samples from different extraction 
procedures. In general, an FTIR spectrum in environmental studies is not conclusive 
due to overlapping spectral bands, which, in turn makes unambiguous and complete 
interpretation difficult (Martin-Neto et al., 2009). Thus the results of other 
spectroscopic methods should be taken into account when interpreting IR data.  
 
4.2 Ultrahigh resolution Fourier-Transform Ion Cyclotron Mass 
Spectrometry (FT-ICR MS) 
 
Natural organic matter (NOM) is a complex mixture of organic compounds 
derived mostly from decaying vegetation in the environment. NOM is well known to 
provide an analytical challenge to individuals seeking molecular-level information. 
This is due to its extreme complexity, low concentration, and high polarity. Mass 
spectrometry (MS) has played a key role in the understanding of NOM by providing 
molecular-level details about its composition (Sleighter and Hatcher, 2007). The key 
to the application of mass spectrometry to biological systems was the development of 
soft ionization methods designed to transform polar analytes to charged species that 
could be manipulated within the gaseous or high-vacuum phase of mass spectrometers 
(Sleighter and Hatcher, 2007).Ultrahigh resolution Fourier-Transform Ion Cyclotron 
MS (FT-ICR-MS), using electrospray ionisation (ESI) is currently the only analytical 
technique capable of fully resolving individual species in complex DOM mixtures up 
to masses of ~ 1100 (Stenson et al., 2003). This technique combines electrospray 
ionization (ESI), a low-fragmentation ionization technique for polar compounds, with 
Fourier transform ion cyclotron resonances technique with ultra-high mass resolution 
(up to 200,000) and mass accuracy capabilities (<1 ppm) (Sleighter and Hatcher, 
2007). 
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FT-ICR-MS is a technique where the ions created in the ESI source are 
focused and introduced into the horizontal bore of a large cryogenic magnet where 
they are trapped within a cell. In the presence of a magnetic field, the ions circulate at 
a frequency that is inversely proportional to their mass to charge ratio (m/z) (Sleighter 
et al., 2008). Frequencies are detected by increasing the diameter of the ions orbit 
within the cell using a radio frequency pulse, the energy from this pulse is absorbed, 
which increases the ions kinetic energy and in turn increases the orbit of the ion 
within the cell (Sleighter and Hatcher, 2007). The packet of ions that is now travelling 
closer to the detector plates induces an image current on the receiving electrode, and 
the signal is detected and amplified to give a time domain that is Fourier-transformed 
into a frequency scale. The frequency scale can easily be converted into the m/z scale 
by following the simple equation  
fc= z Bo/m 
where fc is the cyclotron frequency, z is the charge on the ion, Bo is the strength of the 
magnetic field, and m is the mass of the ion (Sleighter and Hatcher, 2007).  
Because these frequencies can be measured very accurately, m/z can be 
determined with very high resolution and precision, usually to the fifth decimal place. 
With careful calibration, accurate m/z values can be calculated for each peak, 
allowing the determination of elemental formulas that can be assigned to within 1 
ppm error. Meticulous mass calibration is required to obtain exact and highly resolved 
m/z values that can be matched with molecular formulas within a 1 ppm error limit or 
less (Sleighter and Hatcher, 2007). 
Typical external calibration is carried out with calibrants such as arginine 
clusters or a manufacturer’s specific tuning mix and can usually be accomplished 
within an accuracy of 5 ppm. Internal calibration is necessary to achieve 1 ppm 
accuracy. This can be carried using a dual spray injection technique to co-inject 
standards into the source. Also the sample can be mixed with the internal standard 
prior to electrospray and then analysed separately without the standard. Internal 
calibration can be achieved with compounds known to be present within the sample 
(Sleighter and Hatcher, 2007). For example, fatty acids are common components of 
DOM and because they charge very easily in negative ion mode, they are ideal for use 
as internal calibrants. Furthermore, fatty acids are hydrogen-rich and tend to be well 
separated from other ions typically detected in DOM spectra, making them easily 
observed (Sleighter et al., 2008). 
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Because of the extremely complex nature of NOM and DOM, analysis by ESI 
FT-ICR-MS produces large data sets with thousands of peaks, with as many as twenty 
peaks at each nominal mass (Kim et al., 2003) over a range of 300 mass units, and 
only FT-ICR-MS has the capability to resolve the thousands of individual components 
in the NOM samples. Many investigators have reported resolving powers of in the 
range of 300 000 -600 000 (Sleighter and Hatcher, 2007). The evaluation of ultrahigh-
resolved mass spectra of Suwannee River fulvic acid and humic acid revealed the 
presence of molecular families containing ions that differ from each other in the 
number of CH2 groups, degree of saturation, and functional group substitution 
(Stenson et al., 2002).  
 Sleighter and Hatcher (2008) used ESI-FTICR-MS to molecularly 
characterize DOM as it was transported along a river to estuary to ocean transect of 
the lower Chesapeake Bay system. The ultrahigh resolving power (greater than 
500,000) and mass accuracy of FTICR-MS allowed for the resolution of the 
thousands of components in a single DOM sample, and can therefore enable the 
elucidation of the molecular-level changes that occur during DOM transformation 
from a terrestrial location to the marine environment. Along the subject transect, a 
significant difference was observed in the molecular composition of DOM, as 
determined from assigned molecular formulas. The DOM tended to become more 
aliphatic and contain lower abundances of oxygen-rich molecules as one progressed 
from inshore to the offshore. A considerable amount of molecular formula overlap 
existed between samples from sites along the transect. This was explained as either 
the presence of refractory material that persisted throughout the transect, due to its 
resistance to degradation, or that the assigned molecular formulas are the same but the 
chemical structures are different. ESI-FTICR-MS data were shown to have the ability 
to detect compositional variations along the river to ocean transect. Visualization tools 
such as two dimensional and three dimensional van Krevelen diagrams greatly assist 
in highlighting the shift from the more aromatic, terrestrial DOM to the more aliphatic, 
marine DOM. 
Sleighter et al., (2009) developed an approach to directly analyze natural 
freshwater samples with less than 6 mg/L DOC (dissolved organic carbon), using 
ESI-FTICR-MS. Because ESI sources are very intolerant of salts, only freshwaters 
were considered for this study. DOM along a river transect from black waters to 
marine waters has been characterized using an offline combination of reversed-phase 
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high performance liquid chromatography (RP-HPLC) coupled to ESI-FTICR-MS, as 
well as tandem ESI-FTICR-MS (Liu et al., 2011). A water extract from degraded 
wood that mainly consists of lignins was used for comparison to the DOM. The 
HPLC chromatograms of all DOM samples and the wood extract showed two major 
well-separated components; one was hydrophilic and the other was hydrophobic, 
based on their elution order from the C18 column. From the FTICR-MS analysis of the 
HPLC fractions, the hydrophilic components mainly contained low molecular weight 
compounds (less than 400 Da), while the hydrophobic fractions contained the vast 
majority of compounds of the bulk C18 extracted DOM (Liu et al., 2011). The wood 
extract and the DOM samples from the transect of black waters to coastal marine 
waters showed strikingly similar HPLC chromatograms, and the FTICR-MS analysis 
further indicated that a large fraction of molecular formulas from these samples were 
the same, existing as lignin-like compounds. Tandem mass spectrometry experiments 
showed that several representative molecules from the lignin-like compounds have 
similar functional group losses and fragmentation patterns, consistent with modified 
lignin structural entities in the wood extract and these in the DOM samples. Taken 
together, these data suggest that lignin derived compounds may survive the transit 
from the river to the coastal ocean and can accumulate there because of their 
refractory nature (Liu et al., 2011). 
4.3 Nuclear Magnetic Resonance Spectroscopy 
 
Nuclear Magnetic Resonance (NMR) spectroscopy is one of the most 
powerful tools for determining molecular structure for both organic and inorganic 
compounds (Wilson, 1987). The ability of NMR to provide molecular information in 
samples that have multiple phases (solids, gels, liquids) sets it apart from other 
analytical techniques. Considering that NMR provides an arguably unsurpassed level 
of molecular information, and that it can be carried out on samples that have had little 
or no-pretreatment, makes it highly appropriate for environmental analyses. Finally, 
because different “levels” of information can be targeted, and because NMR 
spectroscopy is a non-destructive technique, it is clear that NMR has a significant and 
central role to play in the future of environmental research (Simpson et al., 2011) . 
The nuclei of certain atoms (for example, 1H and 13C) exhibit a magnetic spin 
momentum. This method exploits the separation of nuclear-spin energy levels in a 
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strong magnetic field.  When these are placed in a magnetic field and excited with 
radio waves, energy transitions occur. The position on the chart at which a nucleus 
absorbs the radio frequency energy is called its chemical shift (Clapp et al., 2005). 
Whereas infrared (IR) spectroscopy gives information about the types of functional 
groups present in a molecule, NMR gives information about the numbers of each type 
of atom in question. It also gives information about the immediate environment of 
each of these types of atom (Clapp et al., 2005). The number and nature of chemical 
bonds, as well as the proximity of adjacent atoms in space all affect the energy 
splitting of target nuclei and thereby provide structural information. NMR 
spectroscopy is the premier instrumental procedure for both compositional and 
structural descriptions of humic materials (Clapp et al., 2005). 
 
4.3.1 Solid State NMR 
 
Solid state NMR has been the most widely applied NMR procedure in humic 
studies (Clapp et al., 2005). Although solid-state NMR has some limitations, it does 
have an important advantage over liquid-state NMR in studies of SOM in that most 
SOM is insoluble and can only be analysed by this method. Some other advantages 
are that it is a non-destructive technique. Thus the sample is unaltered, spectra are not 
altered by solvent effects, and the samples can be analysed at variable, especially, low 
temperatures (Cook, 2004). This allows examination of the molecular mobility, which 
aids in structural characterization. Solid-state NMR is generally more sensitive than 
liquid NMR because a greater concentration of sample is present in the spectrometer. 
Only 13C and 15N NMR have been exploited heavily because solid-state 1H NMR 
spectra of such complex materials as humics have suffered from very poor resolution 
(Hatcher et al., 2001). 
4.3.1.1 Bloch decay 13C NMR  
 
Bloch decay 13C NMR, or direct polarisation magic angle spinning (DP-MAS) 
has been used for a long time for the study of organic molecules. Spectra are obtained 
after direct excitement of the 13C spins (Cook, 2004). If used appropriately, DP-MAS 
provides the most accurate quantification in the solid state, however; the experiments 
require that the delay between scans be > 5 x T1 of the 13C nuclei. T1 is the spin-lattice 
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relaxation time and is the time it takes for the spins to lose their energy by transferring 
it to the surroundings. T1 values for 13C nuclei in the solid-state can be of considerable 
length thereby requiring a delay of many seconds or even minutes (Mao and Schmidt-
Rohr, 2004a; Simpson et al., 2011). The time required to collect a quantitative 
spectrum by DP-MAS can be very uneconomical. Thus, while the DP-MAS method is 
probably the most quantitative, it may not be the most appropriate method depending 
on the circumstances of the research group (Cook, 2004). The development of cross-
polarisation (CP) has provided significant enhancements to solid-state 13C NMR 
(Hatcher et al., 2001) 
4.3.1.2 Cross polarisation magic angle spinning (CP-MAS) NMR 
 
Due to these long measurement times, Cross Polarization Magic Angle 
Spinning (CP-MAS) is most commonly used in environmental research (Simpson et 
al., 2011). CP-MAS NMR was introduced in by Pines et al. (1973). It works by 
transferring the magnetization of protons (1H) which are 100% NMR active, to the 
NMR-active C (13C) atoms that make up only about 1% of naturally occurring C 
nuclei. This leads to a sensitivity gain of about four times that of 13C. In the solid state, 
interactions between atoms are dipolar and occur over long ranges. As a result, the 
transfer of 1H magnetization is spread uniformly across the entire sample volume, and 
sensitivity enhancement occurs for all 13C atoms in the sample. Also, the time 
between magnetic pulses is proportional to the time required by the protons in a 
sample to re-establish equilibrium or relax. Therefore, since protons relax faster than 
13C atoms, there is less waiting between scans using CP-MAS than conventional 
direct detection, which means that the data can be collected faster (Clapp et al., 2005). 
This allows spectra to be obtained in a fraction of the time required for the traditional 
Bloch decay experiments (Hatcher et al., 2001) . However, it is well known that the 
standard solid-state NMR technique has problems with regard to quantification 
(Wilson, 1987). While CP-MAS is an excellent technique for looking at the relative 
changes in carbon distribution across of series of samples, the relative peak intensity 
may not be completely preserved with cross polarization, and thus the technique is 
generally considered as “semi-quantitative” (Simpson et al., 2011).  
Solid state NMR presents some challenges. These include the strong dipolar 
interactions between 13C and 1H which results in significant line broadening and loss 
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of sensitivity. Through high power proton decoupling, the magnetic influence of the 
proton nuclei in its neighbouring 13C nuclei is eliminated or minimised, therefore 
reducing line broadening (Hatcher et al., 2001). To overcome these problems, pulse 
phase modulated (TPPM) decoupling have been developed to increase the decoupling 
efficiency. During a solid-state experiment, a sample is spun at the magic angle 
(hence magic angle spinning) of 54.7°, which has the effect of decreasing anisotropy, 
that is, the non spherical magnetic field around an atom causing broad NMR signals 
or lines. Spinning side bands are another challenge faced when using CP-MAS. Side 
bands are echos which arise from a refocusing of magnetization due to the 
macroscopic spinning of a sample (Cook, 2004). These echos manifest themselves as 
what appear to be additional peaks, distorting the spectrum and hampering the 
acquirement of a quantitative spectrum. Spinning the sample at sufficiently high 
speeds can remove the spinning side bands from the spectral window of interest. 
Cross polarization with total suppression of spinning side bands (CP-TOSS) is the 
most widely utilized technique for the removal of spinning side bands. However, in 
general CP-TOSS signals are not quantitative. In studies that have applied CP-TOSS 
to humic materials it has been found that semi-quantitative spectra are obtained. 
Nonetheless the CP-TOSS method has the advantage of being able to yield semi-
quantitative spectra at low spinning speeds allowing one to use large sample volumes 
at high magnetic fields (Cook, 2004). An additional problem relating to solid-state 13C 
NMR of soil samples is that of signal suppression and distortion by paramagnetic 
materials (Hatcher et al., 2001). The effects from paramagnetic materials can be 
reduced by treatment of the samples with hydrofluoric acid (Skjemstad et al., 1994). 
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Figure 4.1. Example of 13C chemical shift assignments of structural groups found 
in NOM. The asterisk marks the C atom which is found in the corresponding 
chemical shift region (Keeler et al., 2006). 
4.3.1.3 Ramped amplitude cross polarisation (RAMP-CP) 
Ramped amplitude cross polarisation (RAMP-CP) works on the principle that 
a Hartman Hahn (HH) match, that is the polarisation transfer from 1H to 13C will 
always be achieved for some part of the contact time while with single amplitude CP, 
this may not occur if the HH matching condition becomes too narrow (Cook, 2004). It 
involves varying the amplitude of one of the pulses during the HH condition, over a 
frequency range large enough to cover the sample spinning speed. It appears that 
RAMP-CP with high sample speeds is the method of choice for obtaining a 
semiquantative spectrum of NOM as it: 
1. allows one to remove spinning side band artefacts, 
2. integrates the HH matches rather than sample a single point, and thus, 
removes non-quantative effects, 
3. delivers twice as much signal as standard single amplitude CP per unit 
time, thus spectra can be run in less time,  
4. is easily set up on modern instruments (Cook, 2004). 
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CP-TOSS appears to be the next method of choice as it removes spinning side bands 
(Cook, 2004). 
The CP-MAS NMR technique has been used extensively in soil science 
(Preston, 1996). Hayes et al.  (1996) utilised CP-MAS NMR to study humic acids, 
fulvic acids and XAD-4 acids isolated from the surface layers of a long-term 
grassland soil. Humic fractions were isolated using sequential exhaustive extraction 
with sodium pyrophosphate at pH 7.0, 10.6 and with 0.1 M NaOH at pH 12.6. The 
spectra showed significant compositional differences between the same operationally 
defined fractions isolated at increasing pH values. Clapp and Hayes (1999)  isolated 
HAs from the silt and clay fractions of a Mollisol to which maize (a C4 plant) 
residues were added or were removed after harvesting during an 8-yr period. They 
found distinct differences between the spectra for the silt- and clay fraction HAs in the 
chemical shift region around 145 to 150 ppm. That resonance, characteristic of O-
aromatic (e.g., –OH and/or –OCH3) substituents, is not evident in the spectra of the 
clay HAs, and is indicative of a more pronounced lignin signal in the fraction from the 
silt-sized separates. This concept is supported by the sharper resonance at 56 ppm 
(indicating methoxyl, also from lignin components) in the cases of the HAs from silt. 
The 56-ppm resonance was found to be more rounded in the cases of the clay HAs, 
suggesting contributions from amino/peptide functionalities (Clapp and Hayes, 1999). 
4.3.1.4 Spectral editing 
 
4.3.1.4.1 Dipolar dephasing 
 
Variations of the standard CP experiment can provide additional information. 
In the dipolar dephasing (DD) experiment, a delay (with the decoupler off) is inserted 
between the cross polarisation and the acquisition. During this time intensity is lost 
more quickly from carbons that have strong dipolar interactions with protons. Their 
polar interaction is weaker for non-protonated carbons because of their greater 
distance from hydrogen nuclei (Preston, 1996). It is also weakened for carbons such 
as methyl, methoxyl and acetate carbons that undergo the same molecular motion in 
the solid state, and –CH2- in long chains. Thus a DD spectrum reveals non-protonated 
and mobile carbons, whereas a difference spectrum can be used to generate a 
fingerprint or rigid, protonated carbons (Preston, 1996). This can aid in assignment; 
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for example, methoxyl C and CH2 of amino acids both occur around 56ppm. If the 
peak is primarily attributable to methoxyl, it will retain most of its intensity in a DD 
spectrum, whereas the CH2 signal of amino acids will be greatly reduced (Preston, 
1996). In addition, anomeric carbons of carbohydrates (100-105ppm) (except sucrose) 
lose intensity rapidly, but condensed tannins contain nonprotonated carbons in this 
region. A 145ppm peak, together with a peak around 105ppm in a DD spectrum in 
strong evidence for condensed tannins in complex samples. DD can also be utilised to 
distinguish between the crystalline (~33 ppm) and amorphous (~30 ppm) 
polymethylene carbons. The crystalline polymethylene carbons are more rigid, and 
are greatly reduced in the DD spectrum, and only the mobile amorphous 
polymethylinic carbons survive (Preston, 1996).  
4.3.1.4.2 Chemical Shift Anisotropy 
 
To separate anomeric carbons from aromatic carbons a chemical shift 
anisotropy (CSA) filter pulse sequence is used (Mao and Schmidt-Rohr, 2004b). The 
size of the 13C CSA, which reflects carbon bonding symmetry, is different for sp2- 
hybridised aromatic and sp3 hybridised alkyl (aliphatic) carbons. Alkyl carbons have a 
tetrahedral bonding symmetry and thus smaller CSAs, while aromatics have planar 
bonding and larger CSAs. By choosing an appropriate filter time the aromatics are 
dephased totally due to their decay under the influence of the CSA, while the O-C-O 
and other alkyl signals are retained. Because the resonances from sp2 functionalities, 
such as tannins, are suppressed, this would allow confirmation of the contribution of 
anomeric C to the signal at 105 ppm to be made. This would provide evidence to 
indicate as to whether or not the resonance at 60-90 ppm is due to carbohydrates 
(Novotny and Hayes, 2007). Should this be so, then the area for the anomeric C signal 
should be 1/5th to 1/6th that of the 60-90 ppm. 
4.3.2 Two Dimensional 13C NMR 
 
One-dimensional NMR datasets of soil extracts have considerable and often 
continuous overlap, and spectral matching of one-dimensional data are virtually 
impossible. Thus, to decrease spectral overlap it is essential to add a second 
dimension (Simpson et al., 2004). Multidimensional experiments can easily be 
executed to correlate heteronuclear chemical shifts and to provide through-bond and 
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interaction-through-space connectivity information. Most multidimensional NMR 
experiments are in two-dimensional as opposed to the earlier, more common one-
dimensional spectra (Clapp et al., 2005).  Two dimensional spectra of carbon-proton 
correlation (HETCOR) have provided evidence for the contribution of lignin 
structures to peat humic acids (Mao et al., 2001). Most of the O-CH3 groups were 
found to be connected directly to the aromatic rings and about one third of the 
aromatic C-O groups were found not to be phenolic C-OH but C-OCH3.  
4.3.3 Solution State NMR 
  
Solid-state 1H-NMR is difficult with HS because spectral lines are often so 
broad that they provide little information (Hatcher et al., 2001). In cases where 
extracts from soils and waters are soluble in solvents such as D2O, NaOD, or DMSO, 
solution-state NMR has significant advantages over solid-state NMR. In solution, the 
tumbling of individual molecules eliminates anisotropy, and spectra can be obtained 
with much greater resolution and without interferences from side bands (Clapp et al., 
2005). Solution-state NMR affords high resolution spectra and thus provides excellent 
information on structure and interactions even for very complex environmental 
mixtures (Simpson et al., 2011). The major limitation with solution-state NMR is that 
the sample must be soluble (Simpson and Simpson, 2009) . For samples such as 
dissolved organic matter from natural waters, solution-state NMR can provide a 
detailed overview of the whole sample.  
However, in the case of soils only readily extractable fractions such as humic 
(fraction soluble below pH 2) and fulvic (fraction soluble at all pH values) have been 
traditionally studied (Simpson et al., 2011). Recently the humin fraction has been 
studied by solution-state NMR using novel solvent systems (Simpson et al., 2007b; 
Song et al., 2008). These solvent systems open up considerable possibilities in the 
environment field and extend the type of samples that can be studied using solution-
state NMR. 
4.3.3.1 1H NMR 
 
1H NMR has been the predominant method for determining the structure of 
small molecules in organic chemistry due to the natural 1H abundance, which may not 
be the case in NOM. The strong water signal is unavoidable but water suppression 
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techniques can be utilised to suppress the water signal. Also 1H NMR cannot provide 
the resolution that 13C NMR can (Simpson et al., 2011). Solvents utilised in 1H NMR 
include H2O, D2O and NaOD. DMSO-d6 is also utilised and allows the exchangeable 
protons, invisible in spectra in which water has been used, to be seen. Amide protons 
can also be identified as they disappear on the addition of a small amount of D2O 
(Simpson and Simpson, 2009). 
 
Table 4.2. Chemical Shifts and Assigments in 1H NMR 
 
Chemical 
Shift ppm 
Assignments 
0-1.6 Terminal and CH2- in chains, C-CHn (n=2,3) in lipid, long chain 
fatty acids, cutins, protein/polypeptides.  
1.6-3.0 P-OCO-(CH2)n in lipoprotein, aliphatic protons attached to C α to a 
benzene ring, N-acetyl group in peptidoglycan (-NH-CO-CH3) 
3.0-4.5 O-CHn, N-CHn (n=1,2) (CH in carbohydrate, methoxyl in lignin), α 
proton in proteins/peptides 
4.5-5.0 Anomeric protons in carbohydrate 
5.5-9.0 Olefinic, amide, aromatic in lignin.  
 
Signals from larger molecules or rigid molecular associations can be further 
emphasised by the use of diffusion editing. Diffusion editing “spatially encodes” 
molecules at the start and then “refocuses” these at the end of the experiment. Species 
that diffuse and exhibit a high degree of motion during the experiment are not 
refocused and are essentially gated from the final spectrum (Simpson et al., 2007b). 
Thus the spectrum produced contains only signals from larger molecules or rigid 
molecular associations. If the majority of the signals are found to remain after 
diffusion editing of a sample, it can be considered that the components in the sample 
are likely to be larger molecules or very stable aggregates (Simpson, 2002).  
4.3.3.2 13C NMR 
 
1H NMR is widely used for HS characterisation but 13C NMR is generally 
preferred when sufficient quantities are available. The chemical shift dispersion in 13C 
NMR spectroscopy is greater and as spectral overlap is reduced, minor structural 
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changes can be detected more easily. 13C NMR directly detects the carbon nuclei of 
the HS rather than the adjacent protons, allowing observation of ketone and 
carboxylate functional groups. This allows 13C NMR to measure the relative 
abundance of aliphatic, carbohydrate, aromatic and carboxyl carbons in HS. However, 
due to the heterogeneous nature of HS, the spectra will still show broad resonances 
(Cook, 2004).  
4.3.3.3 Multidimensional solution-state NMR 
 
1D NMR provides an overview as to a samples composition, while 
multidimensional NMR helps assign the broader resonances in the 1D spectrum, 
ultimately providing spectral dispersion and connectivity information from which 
more detailed structural information can be discerned (Simpson and Simpson, 2009). 
2D NMR experiments provide increased spectral dispersion as well as additional 
connectivity information allowing detailed assignments of the chemical functionalities 
and structural components present (Lam et al., 2007).  See Figure 4.2: 1H spectrum 
and 1H spectrum with assignments from 2D Applications of 2D NMR for studies of 
natural organic matter (NOM), and interpretations of the data have been discussed 
extensively in the literature (Simpson, 2001; Simpson et al., 2001a; Cardoza et al., 
2004). 
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Figure 4.2. A 1H solution-state spectrum of a typical NOM soil extract. Figure A 
shows generic assignments that could be made on the basis of the 1D spectrum 
alone and provides a useful simplistic overview of the composition of the sample. 
When 1D and 2D NMR are combined, a detailed overview of the sample is 
obtained. Figure B shows the more detailed assignments. Only the major 
components are highlighted in B; structures from minor components can also be 
identified in 2D NMR, but cannot be labelled on the 1D spectrum as they are 
masked by overlap from more abundant species (Simpson and Simpson, 2009). 
 
Heteronuclear single quantum coherence (HSQC) and heteronuclear multiple 
single quantum coherence (HMQC) are the most important experiments for the study 
of humic material (Simpson and Simpson, 2009) . The 1H-13C HSQC or HMQC 
experiment detects the H-C bonds in an organic structure (Simpson, 2001). HMQC 
results are very similar to those from HSQC; however, the information is filtered from 
the HSQC experiments and results in sharper 2D cross peaks and less overlap. A cross 
peak in a HSQC spectrum represents the chemical shift of both carbon and proton 
atoms in a C-H unit. The 1H chemical shifts are presented along the horizontal axis 
and 13C along the vertical. A cross peak occurs at the coordinates of the chemical 
shifts of a C-H unit (Simpson, 2001). When considered together, the cross-peaks form 
a specific pattern that can be thought of as the “molecular fingerprint” of a specific 
structure or class of structure (Kelleher and Simpson, 2006).  
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Homonuclear 1H-1H through-bond correlations experiments identify couplings 
between protons that are connected via a bonded network. The experiments can be 
summarized as two main types: Correlation SpectroscopY (COSY) and TOtal 
Correlation SpectroscopY (TOCSY), also known as HOmonuclear HArtmahm HAhn 
(HOHAHA). Both types of experiments are useful for the study of proton 
connectivity in HS. COSY detects couplings between protons that are directly 
attached to adjacent carbons (Simpson and Simpson, 2009), whereas TOCSY allows 
couplings in an entire spin system to be detected (Simpson, 2001). TOCSY produces 
a molecular fingerprint of a molecule or mixture with peaks arising from the 
interactions of protons over numerous bonds. The resulting 2D spectrum contains 
cross peaks with respect to all of the coupled spins whether they are directly coupled 
or not. Considered together, HSQC and TOCSY can be used to describe the complete 
H-C framework of any organic structure (Simpson and Simpson, 2009).. This concept 
can be combined to create the HSQC-TOCSY experiment, and this can be either a 2D 
or full 3D version, both of which contain information as to long range 1H-13C 
couplings (Simpson et al., 2003a).   
Multidimensional solution-state NMR has played a key role thus far in 
understanding the main components in extractable HS (Simpson et al., 2007b). A 
number of studies have utilised 2D NMR techniques to characterise NOM (Simpson 
et al., 2007a; Simpson, 2001; Kelleher and Simpson, 2006; Kelleher et al., 2006; 
Deshmukh et al., 2003; Simpson et al., 2007b; Hertkorn et al., 2006; Lam et al., 2007; 
Simpson et al., 2003a). Combined, information from the above mentioned studies 
indicates that a large proportion of NOM can be assigned to intact or degrading plant 
or microbial structures. The major structures include cuticular components, 
peptide/proteins, lignin and carbohydrate (Simpson and Simpson, 2009). 
4.3.4 High Resolution Magic Angle Spinning (HRMAS) NMR 
 
Using conventional solid- or solution-state NMR techniques, it is not possible 
to assess which organic components are accessible to soil microbes, which are 
physically protected, and which are chemically recalcitrant. For solid state NMR, 
samples must be dried such that they are no longer in their most biologically active 
state, and key interferences or potentially hydrophobic domains can no longer be 
studied. In solution-state the conformation and arrangement of the organic matter in 
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the whole soil would be lost during extraction (Simpson and Simpson, 2009). The 
technique of 1H high-resolution magic angle spinning (HR-MAS) permits the analysis 
of materials that swell, become partially soluble, or form true solutions in a solvent, 
even when some solids are still present (Keifer and Shoolery, 1996). Materials, 
following swelling in DMSO, have enhanced molecular mobility, and magic angle 
spinning aids in the removal or minimisation of chemical shift anisotropy, dipole-
dipole interactions, and magnetic susceptibility line broadening (Keifer and Shoolery, 
1996; Millis et al., 1997; Stark et al., 2000; Fang, 2001). Solvent is added to the 
analyte, and following swelling, the constituents in contact with the solvent become 
NMR visible. HR-MAS holds great potential in environmental research since it can 
provide information about processes occurring at or across interfaces (for example the 
solid-water interface), provide information on sorption kinetics (penetration of a 
molecule into a matrix) and/or swelling, and provide high resolution solution-state-
like information on components in their natural state (Simpson et al., 2011). 
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Table 4.3. The “Top Ten” NMR experiments for the study of natural organic matter in solution. The “Top Ten” are among the easiest 
to apply and interpret giving the greatest amount of information in the shortest amount of time (Simpson and Simpson, 2009) 
.NMR Experiment Acronym Information Interpretation  Comments 
1D 1H NMR - Quantitative overview of the distribution of 
protons in a sample 
In the case of NOM, 2D NMR is central to the interpretation of 
1D NMR which often contains considerable overlap 
 Avoid water contamination, use solvent 
suppression techniques 
1D 13C NMR  Can provide a quantitative overview of the 
carbon distribution 
In the case of NOM, 2D NMR is central to the interpretation of 
1D NMR which often contains considerable overlap 
Recycle delay should be ≥ 5 x T1 for the slowest 
relaxing couple. 
Diffusion edited 1H NMR 
spectroscopy 
DE Only large molecules, macromolecular 
domains and stable aggregates are observed 
Often simplifies the 1D 1H as signals from small molecules 
(including solvents and water) are attenuated.  
A powerful approach but underutilised.  
Correlation spectroscopy COSY Connectivity information of protons on 
adjacent carbons 
Cross peaks connect the chemical shifts of protons that are 
coupled. Symmetrically cross peaks appear around a central 
diagonal 
Specifically 1H-1H 2-3J coupling through bonds. 
TOCSY tends to be 
more sensitive than COSY for NOM. With a short 
mixing time 
(~30ms) COSY type correlations can be observed 
using TOCSY. 
Total Correlation 
spectroscopy 
TOCSY Long range proton-proton couplings Same as COSY. Long range correlations are also visible and 
form additional horizontal or vertical lines 
Very sensitive experiment for the study of NOM. 
Heteronuclear Single 
Quantum Coherence or 
Heteronuclear Multiple 
Quantum Coherence 
HSQC or 
HMQC 
1H-13C bond correlation  Cross peaks represent carbon chemical shifts in one dimension 
and proton chemical shifts in the other dimension. 
HSQC provides sharper 2D cross peaks and less 
overlap. 
Heteronuclear Multiple 
Bond Correlation 
HMBC 1H-13C 2-4 bond correlations. Quaternary 
carbon observed  
Connectivity information is read as vertical lines.  Very powerful NMR experiment. However 
requires long delays during which components 
relax. 
Nuclear Overhauser Effect 
Spectroscopy 
NOESY Interactions through space/chemical 
exchange 
Same as COSY and TOCSY For small molecules, NOE is positive, for large 
molecules and 
chemical exchange peaks appear negative. 
Rotational  Nuclear 
Overhauser Effect 
Spectroscopy 
ROESY Interactions through space/chemical 
exchange 
Same as COSY and TOCSY For all molecular weights, interactions through 
space are “negative” 
while those from chemical exchange are positive. 
ROESY and 
NOESY are best used as complimentary 
techniques. When used 
together, peaks from exchange and those from 
spatial interactions 
can be discerned. 
Heteronuclear Single 
Quantum Coherence-Total 
Correlation Spectroscopy 
HSQC-
TOCSY 
Long range 1H-13C correlations. Quaternary 
carbons are not observed. 
Similar to HMBC, although 1H-13C 1-bond correlations are also 
present 
Can be a full 3D or a 2D technique. Provides 
information on the 1H-13C 
framework of a molecule. Provides information 
complementary to 
HMBC. However quaternary carbons are not 
detected using HSQCTOCSY. 
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The application of this HR-MAS NMR spectroscopy technique, in 
combination with solid-state 13C NMR spectroscopy, allows detailed through-bond 
connectivities and assignments to be made (Deshmukh et al., 2003). The application 
of HR-MAS allows a range of solution state experiments to be carried out, and the 
additional structural information so obtained cannot be provided from solid state 
spectra alone. HR-MAS has been applied to a whole soil isolated from a highly 
leached Podzolic forest soil (Simpson et al., 2001b). A combination of one- and two-
dimensional techniques identified fatty acids aliphatic esters, and ethers/alcohols as 
the prominent species at the solid aqueous interface of the soil with signals also from 
sugars and amino acids (Simpson et al., 2002). Little aromatic resonance was 
observed when the soil was swollen in aqueous media, although such signals were 
observed when DMSO-d6 was used as the swelling solvent. That would suggest that 
the soil aromatic moieties are protected in hydrophobic regions (Simpson et al., 2002). 
HR-MAS NMR has also been applied to study the sorption on clay surfaces of 
synthetic and naturally occurring compounds (Simpson et al., 2006). It was noted that 
of the organic materials observable by 1H HR-MAS, aliphatic hydrocarbon 
components were preferentially sorbed by the clays, whereas carbohydrates and 
amino acids remained in the supernatant. That may explain the highly aliphatic un-
functionalised nature of organic matter associated with clay fractions in natural soils 
and sediments (Simpson et al., 2006). HR/MAS has also been applied in structural 
studies of plant polymers (Stark et al., 2000; Simpson et al., 2003a; Deshmukh et al., 
2003; Deshmukh, 2005; Simpson et al., 2003b). 
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Chapter 5 Materials and Experimental Methods 
 
5.1 Samples: Soils and Drainage Water Dissolved Organic Matter 
5.1.1 Lysimeter system  
In order to describe and to map soils, it is necessary to group them into a 
hierarchy of categories so that the classification may be used to different levels of 
detail. The soil classification system used in Ireland is a modification of that 
established by the United States Department of Agriculture in 1938. The categories 
used to create the map boundaries for the General Soil Map of Ireland are great soil 
groups (Gardiner and Radford, 1980).  Great Groups are soils having the same kind, 
arrangement and degree of expression of horizons in the soil profile. They also have 
close similarity in soil moisture and temperature regimes and in base status. There are 
ten main Great Soil Groups occurring in Ireland. These are the Brown Earths, 
Podzols, Brown Podzolics, Grey Brown Podzolics and Blanket Peats (zonal soils), the 
Gleys and Basin Peats, the Rendzinas, Regosols and Lithosols (Gardiner and Radford, 
1980). 
Soil cores from two selected major Irish grassland soil types were installed in 
lysimeters in a pasture field at the Environmental Research Centre (ERC), Johnstown 
Castle, Wexford, Ireland in 2004 by Teagasc research staff. The soils included a well 
drained Brown Podzolic soil (Haplic Podzol (Anthric)) (FAO, 2007) and a poorly 
drained  Gley (Luvic Stagnosol (Eutric, Siltic)) (FAO, 2007). Depth specific disturbed 
samples of each soil (~2 kg) in increments of 10 cm to a depth of 1m were taken from 
random sides of the lysimeter core trench using a trowel and combined to form 
representative composite samples for organic matter extraction and fractionation 
(Richards, 2011). A lysimeter is a vessel containing local soil placed with its top flush 
with the ground surface for the study of several phases of the hydrological cycle, e.g. 
infiltration, runoff, evapotranspiration, soluble constituents removed in drainage, etc. 
The soils were collected as undisturbed monoliths and installed by Teagasc research 
staff according to an established protocol (Cameron et al., 1992). This involved 
isolating a 1 by 1m soil column and then carefully, reciprocally, pushing a 0.8 m 
HDPE pipe through the soil column. When the pipe reached 1 m a cutting plate was 
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hydraulically pushed beneath the lysimeter to cut it from the soil beneath. To prevent 
edge flow liquid petrolatum was injected between the soil and the HDPE pipe. The 
lysimeters were inverted and 5 cm of fine gravel inserted at the base of the soil and a 
base plate with drainage outlet was welded to the pipe. The field containing the 
lysimeter system was divided into 6 plots. Each plot contained four nests of 
lysimeters; each nest contained 3 lysimeters of differing soil types (Figure 5.1). The 
completed lysimeters were installed in a field lysimeter facility under natural rainfall 
and meteorological conditions (Richards, 2011). This system is used by a number of 
research groups carrying out various research studies. Each soil was sown with 
perennial ryegrass (Lolium perennae L.). In order to replicate typical Irish grazed 
grassland activities, some of the lysimeter soils were amended with fertiliser and some 
with both fertiliser and bovine urine, and unamended soils served as controls as 
described in Stark et al., (2007). In addition, all lysimeters, with the exception of the 
untreated control, received mineral fertilisation (291 kg N ha-1) as urea (app. 20%) 
and calcium ammonium nitrate (app 80%) (Stark et al., 2007). The lysimeters 
received 310 kg N ha-1 yr-1 as urine (Table 5.1).  
 
Table 5.1. Nutrient application rates to lysimeters 
 Nutrient application rates kg/ha 
 Artificial Fertiliser Cow Urine 
Treatment  
Urea1 
 
CAN2 
NN PP  
K 
Control  
0 
 
0 
00 00  
0 
Fertiliser only  
58 
 
233 
00 00  
0 
Fertiliser & 
urine 
 
58 
 
233 
331 00.8  
465 
2004  At grass sowing all lysimeters received a basal application of NPK of 37, 37 and 74 kg/ha, 
respectively. 
1 Urea (46% N) manufactured by Goulding 
2
 CAN- Calcium ammonium nitrate (27% N) manufactured by Goulding. 
 
 
Treatments were applied in a randomised complete block design with 3 replicates per 
treatment. Herbage was harvested regularly to correspond with a 28-day rotation of 
livestock. A series of pipes transported the drainage water from each lysimeter to 
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storage vessels housed below ground level (Stark et al., 2007) (Figure 5.2). Drainage 
water samples, 200 L from each treatment and control, were collected from the 
lysimeter facility between June and December, 2005.  
 
 
 
Table 5.2 Analyses of the soils (Richards, 2011). 
Soil Depth 
(cm) 
Organi
c C 
Total N C\N 
ratio 
% Sand % Silt % Clay  
Brown Podzolic 0-10 3.18 0.3 10.7 45.2 20.4 12.0 
  10-20 2.33 0.24 10.5 44.0 27.9 12.3 
  20-30 1.43 0.14 10.1 48.6 28.0 12.4 
  30-40 1.5 0.13 12.2 41.4 33.1 14.3 
  40-50 1.12 0.08 14.9 40.0 42.5 9.2 
  50-60 0.66 0.05 13.8 42.8 43.2 7.5 
  60-70 0.14 0.02 8.5 46.6 35.7 6.5 
  70-80 0.27 0.03 10.7 46.7 32.4 6.1 
  80-90 0.19 0.02 11.0 50.2 36.4 5.9 
  90-100 0.15 0.02 9.5 42.6 44.7 1.8 
Gley 0-10 4.23 0.35 12.5 24.8 35.0 25.2 
  10-20 2.7 0.25 10.9 25.6 35.2 26.3 
  20-30 0.77 0.09 9.2 27.2 34.7 30.0 
  30-40 0.29 0.04 8.5 30.1 17.8 45.6 
  40-50 0.22 0.03 8.3 31.0 34.6 28.7 
  50-60 0.18 0.03 7.3 31.1 34.2 16.1 
  60-70 0.11 0.03 4.7 34.6 34.5 25.3 
  70-80 0.11 0.03 4.7 34.2 35.3 24.0 
  80-90 0.09 0.03 4.0 35.8 34.4 23.9 
  90-100 0.08 0.03 3.7 33.8 36.6 24.3 
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Figure 5.1 Lysimeter System installed at the ERC, Johnstown Castle, Wexford, 
Ireland (Fay, 2005a). 
 
 
Figure 5.2: A:  Installation of lysimeters; B: Drainage water collection vessels 
below ground. 
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5.1.2  Soil Sampling Sites 
In 1990, the total estimated soil carbon stock in Ireland was 2,028 Mt, and in 
2000 it was estimated to be 2,021 Mt. Approximately 47% of the stock, at both dates, 
were in predominantly mineral soils and 53% in peat. A mineral soil consists 
primarily of mineral (sand, silt and clay) material, rather than organic matter. Of the 
predominantly mineral soils, podzols, brown podzolics, grey-brown podzolics, and 
gleys each hold about 10% of the soil carbon stock in Ireland (Tomlinson, 2006). The 
lysimeter soils are from a well drained Brown Podzolic soil from Clonakilty, Co. Cork 
and from a poorly drained Gley in the Rathangan series at Havenstown, Cleariestown, 
Co. Wexford.  The analyses of these soils are given in Table 5.2 (Richards, 2011). 
Treatments were applied in a randomised complete block design with 3 replicates per 
treatment. Herbage was harvested regularly to correspond with a 28-day rotation of 
livestock. A series of pipes transported the drainage water from each lysimeter to 
storage vessels housed below ground level (Stark et al., 2007) (Figure 5.2). Drainage 
water samples, 200 L from each treatment and control, were collected from the 
lysimeter facility between June and December, 2005.  
5.1.2.1 The Cork Site: Soil Classification: Clonakilty, Co. Cork 
 
Clonkilty soil is a well drained Brown Podzolic soil (Haplic Podzol (Anthric)) 
(FAO, 2007). Podzols are specific soil profiles that are well distributed throughout 
cool temperate climatic regions, with high precipitation levels. The term podzolisation 
refers to the removal of iron and aluminium in solution from the surface horizons 
(Gardiner and Radford, 1980). Through the podzolisation process, iron and aluminium 
accumulate in the B horizon in a concentrated, thin cemented layer, referred to as an 
iron pan. This pan can restrict the penetration of roots and water. The Podzols are 
generally poor soils, depleted of nutrients by heavy rainfall leaching through an 
organic layer. They have high lime and fertiliser requirements and are usually found 
in hill and mountain areas where mechanical means of reclamation and cultivation are 
not feasible. For these reasons they are often devoted to forestry (FAO, 2007). Brown 
Podzolic soils are somewhat similar to the podzols and have been formed under the 
influence of the same processes. They are less depleted than the podzols, and the 
surface layer contains organic matter intimately mixed with mineral matter. This 
overlies a reddish brown B horizon, in which iron and aluminium and sometimes 
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humus have accumulated. An A2 horizon, if present, is usually only weakly expressed 
and there is no iron pan. Because of their desirable physical characteristics, Brown 
Podzolics are often devoted extensively to cultivated cropping and pasture production. 
Their inherent low nutrient status is easily overcome by the addition of lime and 
fertiliser (Coulter et al., 1998). 
 
Soil Description (Fay, 2005b) 
A1: 0 to 25 cm; Dark Brown (7.5YR 4/3);  Loam, few small stones; moderate and 
weak granular structure; friable consistency; abundant fine diffuse roots.  
A2: 23 to 48 cm; Brown (7.5YR 5/4); Paler than A1 horizon; Loam, few small stones; 
weak fine sub angular blocky structure; friable; many diffuse fine roots; clear wavy 
boundary.   
Bs: 48 to 54 cm (6-10 cm thick); strong brown (7.5YR 5/6); loam; Many small 
rounded stones; weak very fine sub angular blocky structure; friable consistency; 
common fine diffuse roots; gradual wavy boundary.  
C: 54 to >120 cm; pale brown (10YR 6/3); sandy loam; massive, firm brittle 
consistency; occasional fine roots to 90 cm. 
General observations: Group Brown Podzolic (reclaimed Podzol soils have an 
Ochric A horizon, Spodic B horizon, and with no trace of an albric horizon. The 
parent material is predominantly sandstone till, of predominantly grey/green 
sandstone.  Brown Podzolic soils are well drained, the vegetation is pasture, ~ 5 years 
old, and the topography: is undulating. 
5.1.2.2 The Wexford Site: Soil Classification: Rathangan, Heavenstown, 
Cleariestown, Co. Wexford 
 
Rathangan soil is a poorly drained Gley (Luvic Stagnosol (Eutric, Siltic)) 
(FAO, 2007).  These are soils in which the effects of drainage impedance dominate, 
and which have developed under the influence of permanent or intermittent water 
logging. The impedance may be due to a high watertable, to a 'perched' watertable 
caused by the impervious nature of the soil itself, or to seepage or runoff from slopes 
(Gardiner and Radford, 1980). Most gleys have poor physical conditions, which make 
them unsuitable for cultivation or for intensive grassland farming. Their productive 
 __________________________________Chapter 5 Materials and Experimental Methods 
  
 
112 
 
capacity is also affected by restricted growth in spring and autumn (Coulter et al., 
1998). 
 
Soil Description (Fay, 2005b). 
Ap: From 0 to 23 cm 
Btg: From 24 to 39 cm 
Bg: From 40 to 96 cm 
Ap: Brown with rusty root channels.  Sub-angular blocky structure.  Occasional small 
stones.  Plentiful roots at 0-5 cm.  Fewer roots (fine) at 5-20 cm. 
Btg: Mottled brown and brownish grey, and with very few roots.  A clay loam, with 
mini-prismatic structure, and no stones.  Clay loam.  Gradual boundary to Bg. 
Bg: Sandy clay loam with prismatic structure, and with significant amounts of small 
(shale) stones present.  Colour, yellowish brown mottle with greyish pipes.  Almost 
no roots present. 
General Observations: Dense below the Ap, with brown colour and blue grey lenses 
through the B horizon. 
5.2 Extraction of Organic Matter from Whole Soil with Aqueous 
Solvents 
5.2.1 Sample Preparation  
 
For each soil type, four samples from different depths were selected. These 
included a 0-10 cm, 10-20 cm, 40-50 cm and 90-100 cm.  
The soil was air-dried and passed through a 2.0 mm sieve to remove, stones,  
plant leaves and roots remnants. Soil (1 kg) was dropped to a pH value between 1 and 
2 using 1 M HCl at a soil/solution ratio of 1:3. The suspension was shaken for 1 h and 
the supernatant was separated from the residue by decantation, after allowing the 
solution to settle for 12 h. This procedure was repeated twice. Distilled water was 
added to remove the chloride until no AgCl precipitate was obtained after addition of 
an AgNO3 solution.  
5.2.2 Sequential Exhaustive Extraction in Aqueous Base 
 
The soil residue was brought to pH 7 by addition of 0.1 M NaOH and the 
soil/solution ratio was adjusted to 1: 5, and then the soil suspension was shaken for 24 
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h. The suspension was allowed to settle for 1 h and the supernatant was collected by 
decantation or centrifugation (9800 g, 30 min), and the supernatant was filtered under 
pressure (69 kPa) through 0.2 µm Sartorius (Goettingen, Germany) cellulose acetate 
membrane filters. Soil residues were exhaustively extracted (8 to 10 times) with the 
same reagent until the supernatant fraction had an absorbance <0.1 at 400 nm. The 
filtrates were pooled.  
After the exhaustive extraction at pH 7 was completed, the pH of the soil 
residue was raised to 10.6 using 0.1 M NaOH and purged with dinitrogen gas. 
Material collected on the filters was added to the residue. The  suspension was shaken 
in a sealed plastic container. The procedure used for extraction at pH 7.0 was 
followed. The pH of soil extract was adjusted to between 7 and 8 using 1 M HCl, and 
the mixture was filtered through 0.2 µm filters. Then the soil residue was extracted 
exhaustively with 0.1 M NaOH (pH 12.6) under dinitrogen gas following the 
procedure used for the pH 10.6 extract.  This procedure is described as sequential 
exhaustive extraction.   
A base/urea solution of 0.1 M NaOH + 6 M urea was prepared.  NaOH (4.0 g) 
was mixed with urea pellets (360 g). The mixture was dissolved in distilled water and 
made up to a 1 L solution.  After the soil had been extracted exhaustively at pH 7, pH 
10.6 and at pH 12.6, further exhaustive extraction was carried out with the base/urea 
solution following the procedure outlined above. The supernatant was adjusted to 
between pH 7 and 8 using 1 M HCl (to avoid oxidation) and filtered twice (0.2 µm 
membrane).  
5.2.3 Clay Separation and DMSO/ H2SO4 Organic Solvent Extraction 
 
The residue collected on the filter membranes following filtration of the 6 M 
urea + 0.1 M NaOH was collected, dialysed against distilled water until the 
conductivity was < 100 µS cm-1 and freeze-dried, resulting in humin fractions after 
sequential exhaustive extraction with NaOH and with NaOH +urea extraction. 
These fine clay samples were subjected to further extraction using DMSO+6% 
concentrated H2SO4. This was carried out by adding DMSO+6% concentrated H2SO4 
to the clay samples and stirring overnight. Extractions were continued until the colour 
of the extracts was negligible. The resulting suspensions were diluted with distilled 
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water. Precipitates formed and were collected, dialysed, and freeze-dried to give 
humin fractions after DMSO+ H2SO4 extraction. 
5.3 Fractionation of Natural Organic Matter 
5.3.1 Resins Utilised for Organic Matter Fractionation 
 
(1) Amberlite XAD-8, an acrylic ester based resin (see Chapter 3, section 3.3.1); 
white beads, 20-60 mesh size (Rohm & Haas Co., Philadelphia). 
(2) Amberlite XAD-4, a styrene-divinylbenzene resin (see Chapter 3, section 3.3.1); 
yellow beads, 25-35 mesh size (Rohm & Haas Co., Philadelphia). 
(3) Amberlite IR-120, a cation exchange resin (see Chapter 3, section 3.3.1); brown 
beads, 16-50 mesh size (Rohm & Haas Co., Philadelphia) 
(Amberlite TM XAD-8 resin is no longer commercially available; Superlite DAX-8 
(Rohm & Haas Co., Philadelphia) has been substituted for it in recent studies, (see 
Chapter 3, section 3.3.1)). 
5.3.2 Cleaning and Regenerating Resins 
5.3.2.1 New XAD resins 
New resins must be cleaned thoroughly .according to manufacturer’s guidelines 
before being used. Cleaning usually consists of three consecutive Soxhlet extractions 
using methanol, acetonitrile, and dichloromethane. The procedure used in this study 
was as follows: 
1. wash with 0.1 M NaOH (over 2 weeks); 
2. rinse with water; 
3. rinse with hot ethanol; 
4. rinse with hot water; 
5. rinse with hot acetonitrile; 
6. rinse with water; 
7. wash with 0.1 M NaOH; 
8. rinse with water; 
9. rinse with hot ethanol; and 
10. store in ethanol to prevent biological growth in the pores. 
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Once cleaned the XAD resins were packed into glass columns (up to 80-90% 
capacity). Distilled water (75–100 column volumes) was then pumped through the 
newly packed columns to remove any traces of ethanol. 
 
5.3.2.2 Cleaning and Regenerating used XAD resins 
 
After XAD-8 and XAD-4 resins are used for different soil or water samples, the 
sorptive capacity may decrease because of neutral fractions being sorbed into pores of 
XAD resins. The resins need to be cleaned with hot ethanol, according to 
manufacturer’s guidelines. The procedures used were: 
1. Soxhlet extraction with ethanol; 
2. rinse with water; 
3. rinse with ethanol (addition of solid NaOH < 0.1%); 
4. rinse with water; 
5. wash with 0.1 M NaOH; 
6. rinse with 0.1 M  HCl; 
7. wash with 0.1 M  NaOH; 
8. rinse with 0.1 M  HCl; and 
9. rinse with 0.01 M  HCl (pH 2). 
5.3.2.3 Routine Cleaning and Regeneration of XAD resin (according to 
manufacturer’s guidelines) 
 
1. Back elute with 0.1 M NaOH until no coloured material is in the elution solution;  
2. Pump 0.1 M HCl (more than two column volumes) from the top of the column to 
the bottom until the pH of elution is close to 2; and 
3. Pump through with 0.01 M HCl (one column volume) before pumping on any 
sample. 
5.3.2.4 Regenerating of the Ion-exchange Resin (according to manufacturer’s 
guidelines) 
 
Amberlite IR-120 was packed into a 2 L column (50-80% capacity), and 4 L 
of 1 M HCl was passed through the resin at a dropwise rate. The column was then 
flushed with distilled water until the conductivity of the effluent is close to that of the 
distilled water. 
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5.3.2.5 Cleaning Visking Dialysis Tubing (according to manufacturer’s 
guidelines) 
 
1. Dry membranes are best stored in a dark and cool place with a minimum 
relative humidity of 35%. No drying out should occur before use. 
2. Glycerine (glycerol, propane-1, 2, 3- triol) from the manufacturing processes 
must be removed before the membranes function properly. This can be carried 
out by washing in water. 
3. For more complete cleaning, firstly, the glycerine can be removed by washing 
the tubing in running water for 3 to 4 h. Then treat the tubing with 0.3% 
sodiumsulphide (Na2S) at 80°C for 1 min to remove sulphur compounds. Then 
wash the membrane with hot mater (60°C) for 2 min, followed by acidification 
with 0.2% sulphuric acids, and washing with hot water to remove the acid. 
4. After cleaning, the membrane can be stored (fully immersed) in 1% 
formaldehyde at 4 °C for a long period of time. Store the membrane in 
distilled water only for a short period. 
Visking dialysis membranes are resistant to a wide variety of chemicals but may 
be damaged by some chemicals at certain concentrations which may result in losses of 
materials, or contamination of samples. The pH range tolerance is from 2 to 12. 
Membranes of cellulose acetate have a good tolerance for HCl acid (HCl <5%) and 
urea; a poor tolerance for HF solution (25%), DMSO, and high concentrations of 
sulfuric acid (i.e. 25%, 65%, 96%). Therefore it was deemed inappropriate to use 
cellulose acetate Visking dialysis tubing for samples containing undiluted 
DMSO/H2SO4, and HF purification. 
5.3.2.6 Experimental- Fractionation of the Humic Extracts using Resin 
technology 
 
1. The soil extract was diluted with distilled water to a concentration of <50 mg 
L-1 and was adjusted to pH 2.0 (HCl), left to stand overnight, and then pressure 
filtered to remove any precipitate formed.  
2. The filtrates were adjusted to pH 2 (HCl) and applied to XAD-8 resin 
[(poly)methylmethacrylate] (Rohm and Haas, Philadelphia) and XAD-4 
[styrene-divinylbenzene] (Rohm and Haas, Philadelphia) resins in tandem. 
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3. Two column volumes of 0.01 M HCl was pumped through to ensure all of the 
sample had passed through both columns. 
4. Each resin was desalted separately with distilled water until effluent 
conductivities were < 100 µS cm-1. Any coagulated unsolubilised material 
released in the desalting process was collected and added to the precipitate.  
5. Back elution was carried out using 0.1 M NaOH and the centre cut eluates 
from XAD-8 were adjusted to pH 1.0.  
6. The HA that precipitated overnight was isolated by filtration, suspended in 
distilled water, dialysed till chloride free, and freeze dried to give the HA 1 
fraction. 
7. The supernatant (FA at pH 1.0) was desalted, using XAD-8 resin and distilled 
water, until the effluent conductivities were <100 µS cm-1, then the column 
was back eluted using 0.1 M NaOH. The effluent was H+-exchanged 
(Amberlite IR-120, H+-form; Rohm and Haas, Philadelphia) and the eluate 
was freeze dried to give the FA 1. 
8. The XAD-4 resin was desalted, back eluted with 0.1 M NaOH, H+-exchanged, 
and freeze dried to give the XAD-4 acid. 
9. The HA precipitate formed at pH 2.0 was redissolved in 0.1 M NaOH, diluted 
with distilled water to a concentration <50 mg L-1, and the pH was adjusted to 
2.5. Any precipitate formed on standing overnight was recovered by filtration. 
The filtrate was treated as outlined above, yielding HA 2 and FA 2.  
10. The HA precipitate collected at pH 2.5 (if any) was redissolved, diluted, 
adjusted to pH 3.0, and any precipitate formed was collected. The filtrate was 
treated as outlined above. This procedure was continued until no precipitate 
formed. 
 
5.3.2.7 Fractionation of DMSO Humin  
 
1. Distilled water was added to the DMSO/H2SO4 extract isolated from Section 
5.2.3 at the ratio of 1: 20 (DMSO extract: water) and thoroughly mixed.  
2. The solution was allowed to precipitate at 4°C for 12 - 16 h, then siphoned and 
centrifuged (9800 g, 30 min) to separate the DMSO precipitate (DMSO 
humin). 
 __________________________________Chapter 5 Materials and Experimental Methods 
  
 
118 
 
5.3.2.8 Deashing of Humic Fractions 
 
1. HF solution  (40%) was carefully diluted four times in a plastic bottle with 
distilled water to prepare a 10% HF solution.  
2. Humic fractions were deashed by adding 100 ml 10% HF solution and shaking 
for 12 - 16 h.  
3. The mixture was allowed to settle down for at least 4 h and decanted, 
centrifuged (9800 g, 20 min) to separate the precipitate.  
4. The HF purification was repeated three more times. 
5. The de-ashed humic fractions were then washed with distilled water and 
centrifuged three to four times, and transferred to a clean Visking dialysis 
tubing, and dialysed until the conductivity of water in the plastic beaker was 
less than 20 µS cm-1, then freeze-dried. 
5.4 Isolation of Organic Matter from Drainage Water 
 
Drainage water was collected on a regular basis from the lysimeter system. 
The dissolved and particulate fractions must be separated before concentrating and 
fractionating the HS from drainage water (Danielsson, 1982). To ensure this, drainage 
waters were pressure filtered through 0.2 µm cellulose acetate membrane filters in 
order to isolate the dissolved organic carbon (DOC) from any suspended organic 
carbon and clay minerals present.  
A variety of methods have been used for the concentration and the isolation of 
HS from natural waters, a comprehensive review is given by Aiken et al. (1985). 
Techniques highlighted include: freeze-drying, ultrafiltration, reverse osmosis, and 
solvent extraction. In recent years sorption methods have been favoured by 
researchers.  As previously mentioned, Malcolm and MacCarthy (1992) introduced a 
procedure employing the use of resins for the concentration of HS in water. They 
found that by using the XAD-8 and XAD-4 resins in tandem 70-85% of the dissolved 
organic solutes could be recovered. Modifications of this method have been used by 
numerous researchers (Hayes et al., 1997; Watt et al., 1996a; Watt et al., 1996b; 
Hayes et al., 2008; McTiernan et al., 2001) to isolate and fractionate dissolved organic 
matter from water.  
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5.4.1 Procedure for Isolating Hydrophobic and Hydrophilic Acids from Drainage 
Water 
 
1. Collected waters were filtered through 142 mm diameter 0.2 µm cellulose 
acetate membrane filters under pressure (96KPa).  
2. The filtered water samples were acidified to pH 2.0 with 1 M HCl prior to 
pumping through the XAD-8 and XAD-4 resin column arranged in tandem.  
3. This was followed by pumping through two column volumes of 0.01 M HCl to 
ensure all of the sample had passed through both columns.  
4. Each resin was desalted separately with distilled water until effluent 
conductivities were <100 µS cm-1.  
5. Back elution was carried out using 0.1 M NaOH and centre cut eluates from 
XAD-8 were H+-exchanged (IR-120, H+-form) and eluates were freeze dried 
to give the hydrophobic XAD-8 acids (Ho acids).  
6. The XAD-4 resin was desalted; back eluted with 0.1 M NaOH, H+-exchanged, 
and freeze-dried to give the hydrophilic acids XAD-4 acids (Hi acids). 
5.5 Total Soil Organic Carbon (Walkley Black method-(Walkley and 
Black, 1934) 
 
5.5.1 Reagents Preparation 
1. Potassium dichromate (K2Cr2O7), 0.5 M: Dissolve 49.04 g of reagent-grade 
K2Cr2O7 (dried at 105°C.) in water, and dilute the solution to a volume of 
1000 ml; 
2. Sulphuric acid, concd (98%); 
3.  o-phenanthroline-ferrous complex indicator; 
4. Iron (II) (FeSO47H2O) solution, 0.5 M: Dissolve 140 g of reagent grade 
FeSO47H2O in water, add 15 ml of concentrated H2SO4, cool the solution, and 
dilute it to a volume of 1000 ml. Standardize this reagent by titrating it against 
10 ml of 0.5 M K2Cr2O7. 
5.5.2 Titration Procedure following Allison (1965). 
 
1. Grind the soil to pass a 0.5 mm sieve. 
2. Transfer a weighed sample, containing 10 to 25 mg of organic-C, but not in 
excess of 10 g of soil, into a 500 ml wide mouth conical flask; 
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3.  Add 10 ml of 0.5 M K2Cr2O7, and swirl the flask gently to disperse the soil; 
4. Then rapidly add 20 ml of concentrated H2SO4. Immediately swirl the flask 
gently until the soil and reagents are mixed, and then swirl more vigorously for a 
total of 1 min. Allow the flask to stand for 30 min; 
5. Then add 200 ml of water to the flask; 
6.  Add 3-4 drops of o-phenanthroline indicator and titrate the solution with 0.5 M 
FeSO4. 
7. As the endpoint is approached, the solution takes on a greenish cast and then 
changes to dark green. At this point add the ferrous sulphate drop by drop until 
the colour changes sharply from blue to red. 
8. Make a blank determination in the same manner, but without soil, to standardise 
the K2Cr2O7. Repeat the blank twice; 
Calculate the results according to the following formula, using a correction factor 
f=1.33. 
(Milliequivalent K2Cr2O7 – Milliequivalent FeSO4) × 0.003 × 100 × f 
_________________________________________________________ 
Soil (g), on dry weight basis 
5.6 Moisture and Ash Determination 
This procedure is based on the method described by Garcıa-Gil et al., (2004) with 
minor alterations. 
5.6.1 Moisture 
1. A sample (ca. 20 mg) was weighed, to four decimal places, into a clean, dry, 
porcelain boat of known weight.  
2. The boat was placed in an oven at 60 °C for 24 hours.  
3. The boat was removed from the oven and placed in a dessicator to cool. When 
cool, the boat was reweighed and the moisture content calculated as below. 
% Moisture = (Mass of weight sample-mass of dry sample) x 100 
(Mass of wet sample) 
5.6.2 Ash 
1. A sample, previously dried at 60 °C for 24 hours, was weighed, to four 
decimal places, into a clean dry porcelain boat of known weight.  
2. The boat was placed in a furnace and heated to 450 ° C for 24 hours.  
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3. The boat was removed from the furnace and placed in a dessicator to cool.  
4. When cool, the boat was reweighed and the ash content calculated as below. 
% Ash =     Mass of Ash     x 100 
                   Mass of Initial sample 
5.7 C, H and N Elemental Analyses 
 
The C, N and H contents of humic fractions were calculated on moisture and 
ash-free basis from measurements obtained using CE 440 elemental analyzer in WBB 
Laboratory UK by the procedure utilised by Hayes et al., (2008) . 
1. The sample (2-3 mg) was accurately weighed in a tin capsule and sealed. 
2. The combustion and reduction temperatures were set at 980°C and 700°C, 
respectively. 
3. An acetanilide standard was used to calibrate the instrument. 
4. The samples were combusted in pure oxygen under static conditions. Helium (> 
99.99 %) was used to carry the combustion products through the analytical system.  
5. The CO2, N2 and H2O signals were measured by three pairs of thermal conductivity 
cells.  The signals were transferred and converted to C, H, N content of samples 
using a computer with an EA 440 software package. 
6. Each sample was run in triplicate to generate average C, H, N values. 
5.8 δ13C analyses 
 
Carbon, nitrogen content and δ13C values were measured on an elemental analyser 
(Carlo Erba, model NA 1500) and a stable isotope ratio mass spectrometer (Fisons, 
Optima model) continuous flow system using the procedure outlined in Hayes et al., 
(2008). Results of the isotope analyses are expressed in terms of δ values (‰): 
δ13C = (Rsample/Rstandard -1) × 1000  where R = ratio of 13C/12C. 
The δ13C values were calculated relative to the Pee Dee Beleminite (PDB) as an 
original standard. Urea with a δ13C value of -l8.2%, or a humic acids standard from 
IHSS served as working standards for accurately weighted solid samples of ca. 1-2 
mg.  
This work was carried out in the laboratory of Prof. C. E. Clapp, at the Department of 
Soil, Water, and Climate, the University of Minnesota, USA. 
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5.9 Sugar Analyses 
The procedure is based on that originally described by Blakeney et al. (1983) 
and used, with minor alterations, by Hayes et al. (2008). 
5.9.1 Reagents  
Reagents Suppliers Preparation 
Acetic acid glacial Merck  
Acetic anhydride Merck  
Ammonia solution (NH4OH) Merck 1 M 
Chloroform Fisher Scientific  
Dimethylsulfoxide (DMSO) BDH  
Dichloromethane (DCM) Fisher Scientific  
1–Methylimidazole Merck   
Trifluoroacetic acid (TFA) 2 
M 
Merck 15 ml TFA diluted to 100 
ml 
with distilled water 
Myo-inositol Merck 1 mg /ml solution 
Sodium borohydride 
(NaBH4) 
Sigma-Aldrich Dissolve in 100 ml 
DMSO, 
heated to 100 °C 
Monosaccharide standards Sigma   
 
 
 
 
 
5.9.2 Experimental Procedure 
1. Hydrolysis of the Sample 
The HS were subjected to trifluoroacetic acid (TFA) hydrolysis to release the sugar 
monomers, prior to derivatization and analysis by GC.  
The samples (5-10 mg) were accurately weighed into screw-top test tubes. The 
internal standard (myo-inositol, 50 ul of a 1 mg ml-1 solution) was added to each tube. 
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Freshly prepared 2M TFA (2 ml) was added to each sample and the contents were 
thoroughly mixed. The tubes were capped and heated in an oven at 120°C for two 
hours, cooled, and placed in a vacuum dessicator over potassium hydroxide at room 
temperature to remove TFA.  
2. Preparation of Alditol Acetate Derivatives. 
Residual acid was neutralised by the addition of 4 M ammonia solution (0.1 ml). 
Monosaccharides were reduced by the addition of 1 ml of borohydride solution (2 g 
dissolved in 100 ml DMSO heated to 100° C). The tubes were heated to 40 °C for 90 
minutes, after which glacial acetic acid (0.1 ml) was added to destroy any remaining 
borohydride. 1-methylimidazole (0.2 ml) and acetic anhydride (2 ml) were added, and 
after thorough mixing, the tubes were left to stand at room temperature for 10 
minutes. Distilled water (5 ml) was added to destroy excess acetic anhydride.  
3. Preparation of samples for GC analysis 
After cooling, the reduced and derivatised sugars were extracted into dichloromethane 
(DCM, 3 x 0.75 ml). The DCM extracts were gently evaporated at 30°C to ~0.5 ml in 
volume, washed with 3 x1 ml of distilled water, and dried by heating to 30°C, 
followed by evaporation at 50°C to remove any residual aqueous phase. The samples 
were dissolved in chloroform (~100 µl). A reagent blank and reproducibility standard 
were included for each set of analyses. A standard solution of monosaccharides (~1 
mg/ml) was prepared by dissolving 100 mg of each of the seven sugars for analyses in 
100 ml of distilled water 
4. GC analyses 
The alditol acetate derivatives were analyzed by GC-FID (Perkin Elmer Autosystem 
XL), using a BPX 70 [25 m x 0.22 mm, SGE (UK) Ltd]. Data were processed using a 
PC 2000 software package. Injector: 260°C; FID: 250°C  
The oven programme followed was: 
1) hold at 50°C for 1 min; 
2) increase to 200 °C at a rate of 20 °C/min 
3) 200°C hold for 20 min; 
4) increase from 200°C to 240 °C at a rate of 10 °C/min; 
5) hold at 240 °C for 5 min. 
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All the humic fractions contained the seven neutral sugars (NS) that were 
analysed for. These were the hexoses: glucose (Glu), galactose (Gal), mannose (Man), 
rhamnose (Rha, or deoxymannose) and fucose (Fuc, or deoxygalactose), and the 
pentoses: xylose (Xyl) and arabinose (Ara).   
5.10 Amino Acid Analyses 
 
Amino acids analyses were based on the procedure described by Turnell and 
Cooper (1982), and as used, with minor modifications by Hayes et al. (2008). 
5.10.1 Reagents 
Reagents Supplier 
Amino acid standards, Sigma Kit Ni. LAA-21 Sigma  
L-Norvaline Sigma 
Sodium borate Sigma 
o-Phthaldaldehyde (OPA) Sigma 
2-Mercaptoethanol Sigma-Aldrich 
Perchloric acid (70% Anal R) Fisons 
Dicloromethane (DCM) Fisons 
Chloroform Fisons 
Methanol-HPLC grade Fisons 
Acetonitrile-HPLC grade Fisons 
Water-HPLC grade Fisons 
Dimethyl sulfoxide BDH 
Sodium phosphate BDH 
Proponic acid Sigma-Aldrich 
HCl (6 M-add 1 mg of phenol as preservative) Sigma-Aldrich 
 
5.10.2 Procedure 
1. Weigh sample (10-20 mg) into a dry glass culture tube. Add internal standard 
Norvaline (1000 nmol) 100 µl. Add 2- 4 ml 6 M HCl (with 1.5 mg phenol 
added as preservative, degassed with N2) subsequently in the ratio of 2 ml per 
10 mg sample. Fill the culture tubes with N2 for 2-3 min (place N2 over the 
solution) and seal the culture tubes with a Teflon liner screw cap. 
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2. Hydrolyze the samples for 24 h at 110°C. 
3. Following hydrolysis, the tubes are allowed to cool down (more than 30 min). 
4. Then remove the tube caps. Dry the samples under vacuum over KOH 
(normally for 4 to 7 days). 
5. Once dry, 1 ml of 0.1 M perchloric acid is added to the sample to dissolve the 
amino acids and mix briefly with a vortex mixer for 2 min. 
6. Centrifuge the sample at maximum speed for 5 min to separate the 
supernatant. Filter the supernatants of the samples through 0.2 µm Titan 
Teflon filters. The supernatant is transferred to 2 ml HPLC vial with Teflon 
liner screw cap, and placed in the auto sampler sample tray of the HPLC 
system. 
7. Add o-Phthaldaldehyde reagent (100 µl) to each sample vial. The sample is 
derivatized at 34°C for 2 min. 
8. Derivatized sample (20 µl) is injected, and analyzed by the TSP (Thermo 
Separation Product) HPLC system. 
9. A standard containing known concentrations of individual amino acids (~1000 
nmol for each amino acids standard) and the internal standard is injected 
before and after every fifth sample in the series. 
HPLC system: 
Gilson gradient HPLC system (pump model 305), Thermal Separation Products. 
Column: 15 cm x 4.6 mm i.d, Spherisorb ODS II 3 µm (Phenomenex Inc.), equipped 
with a guard column for protection of the column. 
Detector: Thermo Separation AS-3000 fluorescence detector, excitation wavelength 
240 nm, emission 430 nm, with a filter 1.5 seconds. 
 
Mobile phase: 
Solvent A: 23% 250 mM sodium phosphate, 20% 250 mM propionic acid, 6.5% 
acetonitrile, 2% DMSO, 48% water. Solvent B: 30% water, 30% acetonitrile, 33% 
methanol, 7% DMSO. 
 
Derivatization reagent: Dissolve 50 mg of OPA in 1 ml of methanol, then dilute the 
methanol solution to 10 ml with saturated sodium borate at pH 9.5 (adjust with 29 mM 
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NaOH). About 100 µl of 2-mercaptoethanol is added as preservative, followed by a 
further 4 µl every 3-4 days. 
5.11 Cation Exchange Capacity Determination 
 
Humic substances behave like weak-acid polyelectrolytes (Stevenson, 1994). 
Oxygen-containing acidic functionalities, mainly phenols, alcohols and carboxylic 
acids are thought to influence the exchangeable-proton properties of HS (Perdue, 
1985). Alcohols are not detectable in the pH 4-10 range employed in humic titration 
studies. The buffering capacity of HS operates over a wide pH range. This is of 
practical significance because plants grow best within a narrow pH range. 
 
Table 5.3 The expected pKa values of functionalities in HS (Stevenson, 1994). 
Functionality pKa 
Monocarboxylic acids 3-5 
Dicarboxylic acids 1-4.5 
Aryl carboxylic acids 2.5-4.5 
Phenols 8-10 
Aldehydes 11-14 
 
Aqueous potentiometric titrations provide significant information about acidic 
functionalities in HS. Cation exchange capacity (CEC) is the total sum of 
exchangeable cations. CEC values increase as the pH of the aqueous media is raised 
and weakly dissociable groups ionise. The majority of carboxyl groups are ionised 
below pH 7. In the intermediate region ionisation of weak carboxyl and strongly 
activated phenolic groups overlap. Beyond this, (pH values of >8), dissociation of 
phenolic and enolic groups dominate (Stevenson, 1994). The contribution of phenols 
is greatest in newly formed HS, especially in those with origins in the lignins. 
The titration procedure used was based on that described by Häusler and 
Hayes (1996). 
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5.11.1 Reagents  
Reagent Supplier 
0.1 M NaOH Titrosol ampoule Merck 
0.1 M HCl Titrosol ampoule Merck 
NaCl Analytical grade BDH 
5.11.2 Procedure 
1. Distilled water was boiled for 4-5 hr, stirring with a magnetic stirrer to remove 
dissolved CO2 and O2. 
2. 1 litre of 0.1 M NaOH (standard) was prepared using 0.1 M NaOH and 0.1 M 
HCl Titrsol ampoules, respectively, with this water. The solutions were stored 
under N2. 
3. The pH meter was calibrated with fresh pH buffer solutions. 
4. A humic substances sample (ca. 20 mg) was dissolved in 10 ml NaOH 
solution in a 50 ml glass beaker. NaCl solution 10 ml, 0.1 M (as a background 
electrolyte) was added. The top of the beaker was covered with a small piece 
of parafilm and an atmosphere of N2 was passed over the solution. The 
solution was stirred using a small magnetic follower for 30 min to equilibrate. 
5. The pH electrode was lowered into the beaker, and the pH was allowed to 
equilibrate. The HCl (0.1 M) was injected into the solution using micropipettes 
(100 to 1000 µl and 10 to 100 µl, respectively) to allow a gradual pH change 
(normally 0.1 to 0.2 pH interval) from approximately pH 12.5 to pH 2 with an 
appropriate amount of time for the solution to equilibrate (normally 1 min) 
after each addition of 0.1 M HCl.  On average it took approx. 90 minutes to 
record the data for a typical back titration. 
6. The pH values and the acid solution volume were recorded. The pH values 
were plotted against the volume of acid added and processed using Origin 6.1 
software package (OriginLab Corp). 
CEC data, expressed as meq g-1, are calculated using the formula 
CEC = [(Vb –Vs) x 1000 x Mb]/W 
Where Vb = Volume of acid added in the blank titration (ml) 
Vs = Volume of acid added in the titration of the sample (ml) 
Ms = Molarity of the NaOH solution 
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W = mass (mg) of sample in free ash and moisture basis 
5.12 Infrared spectroscopy 
 
 Infrared spectroscopy is of considerable value in humus research (Stevenson, 
1994). Fourier transform infrared (FTIR) spectroscopy is a measurement technique 
that allows one to record infrared spectra. Infrared light is guided through an 
interferometer and then through the sample (or vice versa). A moving mirror inside 
the apparatus alters the distribution of infrared light that passes through the 
interferometer. The signal directly recorded, called an "interferogram", represents 
light output as a function of mirror position. A data-processing technique called 
Fourier transform turns this raw data into the desired result (the sample's spectrum): 
Light output as a function of infrared wavelength (or equivalently, wavenumber) 
(Stuart, 2004). Fourier Transform Infrared (FT-IR) Spectroscopy detects the 
asymmetric stretching, the symmetric stretching and the bending vibrations within a 
molecule. Within limits, the absorption bands corresponding to a particular vibration 
of a given bond occur at a given frequency. If this absorbance is within the spectral 
region from 4000 to ~ 1250 cm -1, it is relatively unaffected by the remainder of the 
molecule (MacCarthy and Rice, 1985) .  This allows the assignment of absorbance 
bands to particular functional groups.  
5.12.1 Reagents and Equipment 
Infrared spectra were obtained on freeze-dried samples as Potassium bromide 
(KBr) pellets using a Bomen FTIR (model Amwen/32, Canada) spectrometer 
scanning from 4,000 to 400 cm-1, averaging 20 scans at 1.0 cm-1 intervals and with a 
resolution of 4.0 cm-1. The procedure a modification of that described by Leenheer et 
al., (2007).  
5.12.2 Procedure 
 
1. The KBr is dried in an oven at 105°C, and left in a desiccator prior to use. 
2. The sample (~ 1 mg) is placed into a quartz mortar with a stainless steel spatula 
and mixed with the KBr powder (~ 100 mg) quickly to avoid moisture uptakes. 
The mixture is ground sufficiently using a quartz pestle. 
3. The KBr pellet is then pressed for one min under a pressure of 10 tonnes. 
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4. The KBr pellet is placed into the sample holder and the FTIR spectrum is 
recorded by scanning from 4000 to 400 cm-1, averaging 20 scans at 1.0 cm-1 
interval, and with a resolution of 4.0 cm-1. The spectrum is processed and 
analyzed by OMNIC E.S.P 5.1 software package (Nicolet Corp.). 
5. The background of air is subtracted before the FTIR spectrum for each sample is 
recorded. This eliminates the peaks caused by atmospheric CO2. 
5.13 Solid-State 13C Nuclear Magnetic Resonance (NMR) Spectroscopy 
 
Solid-state NMR spectroscopy was carried out by the author using a Bruker 600 
MHz DMX spectrometer in the laboratory of Prof. Patrick Hatcher, Old Dominion 
University while on a Fulbright Scholarship in the USA. Additional Solid-state NMR 
with spectral editing was carried out by Dr. Etelvino Novotny, UL while at Embrapa 
Solos, Rio de Janeiro using a Varian Inova spectrometer (Varian, Palo Alto, CA). 
Samples were packed in a 4 mm-diameter zirconia rotor with a Kel-F cap. 
Solid state VACP/MAS 13C NMR spectroscopy experiments were carried out at 
13C and 1H frequencies of 100.5 and 400.0 MHz, respectively. Jackobsen 7 mm MAS 
double resonance probe heads were employed. The Variable Amplitude Cross-
Polarisation with Magic Angle Spinning technique (VACP/MAS) was applied with a 
contact time of 1 ms, a spinning speed of 13 kHz, acquisition times of 13 ms, and 
recycle delays of 500 ms.  
5.13.1 Spectral Editing 
 
The Dipolar Dephasing (DD) experiment was carried out with a dipolar 
dephasing time of 67 ms in order to distinguish between protonated C in rigid 
structures and non-protonated or mobile carbons. Due to coupling between 13C and 
neighbouring 1H, the signals of C species with strong dipolar interactions will vanish 
after the dipolar dephasing time, while those of C species with weak dipolar 
interactions will still be visible in the spectrum (Song et al., 2008; Opella and Frey, 
1979; Knicker et al., 2005). The CSA experiments were carried out according to the 
procedure suggested by (Mao and Schmidt-Rohr, 2004) using a five-pulse CSA 
dephasing filter, and four-pulse Total Suppression of Spinning Sidebands (TOSS). To 
ensure a uniform inversion of different 13C nuclei, conventional pi pulses were 
replaced by composite pulses in both TOSS and CSA filter pulse sequences (Novotny 
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et al., 2006). High power 1H Two-Pulse Phase Modulation (TPPM) decoupling of 80 
kHz was applied in all experiments. Free induction decays were acquired with a 
sweep width of 50 kHz and the number of scans was variable (minimal 4096 scans) 
according the signal/noise ratio obtained. The spectra were apodised through 
multiplication with an exponential decay corresponding to 50 Hz line broadening in 
the transformed spectrum. 
5.14  Solution-State NMR spectroscopy 
 
Solution-state NMR spectroscopy was carried out by the author under the 
supervision of Dr. Andre J. Simpson at the University of Toronto (U of T) at 
Scarborough, Toronto, Canada while on an IHSS training bursary at U of T.  
Samples (40 mg) were dissolved in 600 µL of deuterium oxide (D2O) and 
titrated to pH 12 using NaOD to ensure complete solubility. Additional samples (40 
mg) were dissolved in 600 µL DMSO-d6.  
Samples were analysed using a Bruker Avance 500 MHz NMR spectrometer 
equipped with a 1H-19F-15N-13C 5 mm, quadruple resonance inverse probe with 
actively shielded z-gradient (QXI). 1D solution state 1H NMR spectra were obtained 
with 128 scans, a recycle delay of 2 s, 16384 time domain points, and an acquisition 
time of 0.79 s. Water suppression was achieved using PURGE (Simpson and Brown, 
2005). Spectra were apodized through multiplication with an exponential decay 
corresponding to 1 Hz line broadening, and a zero filling factor of 2. Diffusion-edited 
(DE) spectra were obtained using a bipolar pulse longitudinal encode-encode 
sequence. Scans (1600) were collected using a 2.5 ms, 49 gauss/cm, sine-shaped 
gradient pulse, a diffusion time of 200 ms, 16384 time domain points, 0.82 s 
acquisition time, and a sample temperature of 298 K. 
Heteronuclear multiple quantum coherence (HMQC) spectra were obtained in 
phase-sensitive mode using echo/anti-echo gradient selection and a  1J 1H-13C value of 
145 Hz. Scans (512) were collected for each of the 128 increments in the F1 
dimension. A total of 1048 data points were collected in F2, and a relaxation delay of 
1 s was employed. The F2 dimension was multiplied by an exponential function 
corresponding to a 10 Hz line broadening and a zero filling factor of 2. The F1 
dimension was processed using a sine-squared function with a pi/2 phase shift and a 
zero-filling factor of 2. 
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Total correlation spectroscopy (TOCSY) spectra were acquired in the phase-
sensitive mode, using time proportional phase incrimination (TPPI). TOCSY NMR 
experiments were carried out using 512 scans with 128 time domain points in the F1 
dimension and 1048 time domain points in the F2 dimension. A mixing time of 60 ms 
was used with a relaxation delay of 1 s. Processing of both dimensions used a sine-
squared function with a pi/2 phase shift and a zero-filling factor of 2. 
Nuclear Overhauser Effect Spectroscopy (NOESY) was obtained with the 
elimination of zero-quantum interference (Thrippleton and Keeler, 2003). NOESY 
NMR experiments were carried out using 256 scans with 128 time domain points in 
the F1 dimension and 1048 time domain points in the F2 dimension. A mixing time of 
250 ms was used with a relaxation delay of 1 s. Zero-quantum suppression was 
achieved through the use of an adiabatic-pulse/gradient pair during the mixing time 
(Thrippleton and Keeler, 2003).  Both dimensions were processed using a sine-
squared function with a pi/2 phase shift and a zero-filling factor of 2. 
5.15 High Resolution Magic Angle Spinning (HR-MAS) NMR 
Spectroscopy 
 
HR-MAS NMR spectroscopy was carried out by the author under the 
supervision of Prof. Patrick Hatcher, Old Dominion University while on a Fulbright 
Scholarship in the USA. 
Samples (~30 mg) were swollen in DMSO-d6 and packed for analysis into a 4 
mm Zirconia HRMAS rotor with a Kel-F cap. NMR experiments were carried out on 
a Bruker 600 MHz DMX spectrometer fitted with a 4-mm inverse 1H-13C HRMAS 
probe equipped with a Z gradient. All spectra were obtained using a 9 kHz spinning 
speed. Proton spectra were collected with composite pulse presaturation using 256 
scans, 25 ppm sweep width, and 2 s recycle delays. A T2 filter was created with a 
CPMG sequence, with presaturation, to create a delay of 60 µs, to help reduce 
baseline role. TOCSY {256 scans, TD (F1) 1024, TD (F2)} were acquired using time 
proportional phase incrementation (TPPI), and a mixing time of 50 ms. HSQC {196 
scans, TD (F1) 1024, TD (F2) 512, J1 (1H–13C) 145 Hz} were acquired using 
sensitivity enhancement and gradients for coherence selection with decoupling during 
acquisition. All the two-dimensional datasets were processed using sine-squared 
functions with phase shifts of 90 in both dimensions (Deshmukh and Hatcher, 2005). 
 __________________________________Chapter 5 Materials and Experimental Methods 
  
 
132 
 
5.16 Ultrahigh resolution Fourier-Transform Ion Cyclotron Mass 
Spectrometry (FT-ICR MS) 
 
Samples were analysed using Ultrahigh resolution Fourier-Transform Ion 
Cyclotron Mass Spectrometry according to the method outlined by Sleighter and 
Hatcher (2008) in an Apollo II ESI ion source of a Bruker Daltonics 12 Tesla Apex 
Qe FTICR-MS, housed at the College of Sciences Major Instrumentation Cluster 
(COSMIC) at Old Dominion University.  
Samples were dissolved in a 50:50 (v/v) solution of LC-MS grade water and 
LCMS grade methanol. In order to increase the ionization efficiency, ammonium 
hydroxide was added immediately prior to electrospray ionization (ESI), bringing the 
pH up to 8. Samples were continuously infused into an Apollo II ESI ion source of the 
FTICR-MS. Samples were introduced by a syringe pump providing an infusion rate of 
120 µL/h. All samples were analyzed in negative ion mode. Previous studies show 
that negative ion mode avoids the complications of the positive ion mode in which 
alkali metal adducts, mainly Na+, are observed along with protonated ions (Brown and 
Rice, 2000; Rostad and Leenheer, 2004; Sleighter and Hatcher, 2008). Electrospray 
voltages were optimized for each sample. Ions were accumulated in a hexapole for 1.0 
s before being transferred to the ICR cell. Exactly 200 transients, collected with a 4 
MWord time domain, were added, giving about a 20 min total run time. The summed 
free induction decay (FID) signal was zero-filled once and sine-bell apodized prior to 
fast Fourier transformation and magnitude calculation using the Bruker Daltonics 
Data Analysis software. 
Prior to data analysis, all samples were externally calibrated with fatty acids 
naturally present within the sample  (Sleighter et al., 2008). A molecular formula 
calculator developed at the National High Magnetic Field Laboratory in Tallahassee, 
FL, (Molecular Formula Calc v.1.0 ©NHMFL, 1998) generated empirical formula 
matches using carbon, hydrogen, oxygen, nitrogen, sulphur, and phosphorus. Only 
m/z values with a signal to noise above 5 were inserted into the molecular formula 
calculator. The assigned formulas, in the vast majority of cases, agreed within an error 
value of less than 0.5 ppm when compared to the calculated exact mass of the 
determined formulas. 
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Chapter 6 Organic Matter isolated from a Well-Drained 
Grassland Soil and its Drainage Water. 
 
6.1 Introduction 
Temperate grassland comprises 32% of the earth’s natural vegetation (Frank and 
Dugas, 2001) and can be considered to play a significant role in the uptake of 
atmospheric CO2 and in the global carbon budget. Grassland is the dominant land-use 
type in Ireland, representing 90% of the agricultural land and 56% of the total land 
area (Jaksic et al., 2006). Article 3.4 of the Kyoto protocol (UNFCCC, 1998) makes 
provision for the use of soil C stock changes in grazing lands to offset greenhouse gas 
(GHG) emissions (Byrne et al., 2007). On that basis, a better understanding of the 
organic components in soil and the material leached from these carbon stocks under 
permanent pasture is needed. Soil under long-term grassland will be in steady-state 
with respect to carbon content. Humic substances (HS) are major components of soil 
organic matter (SOM) in well-aerated mineral soils that are adequately supplied with 
water (Stevenson, 1994; Clapp et al., 2005; Hayes et al., 2008). The amount and 
composition of the SOM is controlled by a number of factors such as the soil 
structure, soil moisture and drainage regimes, the climate, the vegetation and the long-
term management regime.  
Humic substances, as stated in previous chapters, are classically defined as humic 
acids (HAs), soluble in aqueous base and precipitated in base and precipitated from 
the solution when acidified to pH 1, fulvic acids (FAs), which remain in solution in 
acidic and basic media and humins, which are insoluble in aqueous media. 
Biomolecules such as carbohydrate, peptides, waxes and naturally occurring 
molecules not covalently linked to the humic core are not components of HS (Hayes 
et al., 2008). Using current techniques it is not possible to isolate HS that do not 
contain biomolecules such as carbohydrates and peptides. However, techniques that 
employ macroporous resins can aid in the fractionation of HS from biomolecules. 
Resin technology can be utilised for the separation of HS from non-covalently linked 
saccharides, peptides and other organic impurities (Hayes et al., 1996a).   
Dissolved organic matter (DOM) is a complex, heterogeneous mixture found in all 
natural waters, and it represents the largest fraction of mobile carbon on earth. 
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Aquatic HS compose approximately 40%-60% of the DOM (Malcom, 1985; Leenheer 
and Croué, 2003). DOM provides an intimate link between the terrestrial and aquatic 
environments (Lam et al., 2007).  Soil derived DOM can play a key role in many 
environmental processes, including carbon cycling, nutrient transport and the fates of 
contaminants and of agrochemicals (Qualls and Haines, 1991; Zsolnay, 2003; Royer 
et al., 2007). The OM from soil drainage waters will generally be allochthonous, 
composed of OM generated on or in the soil environment (Hayes et al., 2008). The 
compositions of HS in terrestrial water have been shown to relate to the HS in the 
soils of the watersheds (Watt et al., 1996b; Hayes et al., 2008).  
In this study HS isolated at pH 7.0 from a well-drained grassland soil and the 
DOM that leached through the soil are characterised in detail by solid state 13C 
nuclear magnetic resonance spectroscopy and Ultrahigh resolution Fourier-Transform 
Ion Cyclotron mass spectrometry. Other analytical techniques are also utilised to 
further characterise the HS with the aim of determining the relationship between the 
more highly oxidised fractions of SOM and the DOM lost from this soil in the 
drainage water.  
6.2 Materials and Methods 
6.2.1 Source of the Samples 
 
Soil cores from selected major Irish grassland soil types were installed in 
lysimeters in a pasture field at the Environmental Research Centre (ERC), Johnstown 
Castle, Wexford, Ireland in 2004 by Teagasc research staff. The soils included a well 
drained Brown Podzolic soil (Haplic Podzol (Anthric)) (FAO, 2007). Depth specific 
disturbed samples of each soil (~2 kg) in increments of 10 cm to a depth of 1m were 
taken from random sides of the lysimeter core trench using a trowel and combined to 
form  representative composite samples for organic matter extraction and 
fractionation (Richards, 2011). A lysimeter is a vessel containing local soil placed 
with its top flush with the ground surface for the study of several phases of the 
hydrological cycle, e.g. infiltration, runoff, evapotranspiration, soluble constituents 
removed in drainage, etc. The soils were collected as undisturbed monoliths and 
installed by Teagasc research staff according to an established protocol (Cameron et 
al., 1992). This involved isolating a 1 by 1m soil column and then carefully, 
reciprocally, pushing a 0.8 m HDPE pipe through the soil column. When the pipe 
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reached 1 m a cutting plate was hydraulically pushed beneath the lysimeter to cut it 
from the soil beneath. To prevent edge flow liquid petrolatum was injected between 
the soil and the HDPE pipe. The lysimeters were inverted and 5 cm of fine gravel 
inserted at the base of the soil and a base plate with drainage outlet was welded to the 
pipe. The field containing the lysimeter system was divided into 6 plots. Each plot 
contained four nests of lysimeters; each nest contained 3 lysimeters of differing soil 
types. The completed lysimeters were installed in a field lysimeter facility under 
natural rainfall and meteorological conditions (Richards, 2011). This system is used 
by a number of research groups carrying out various research studies. Each soil was 
sown with perennial ryegrass (Lolium perennae L.). In order to replicate typical Irish 
grazed grassland activities, some of the lysimeter soils were amended with fertiliser 
and some with both fertiliser and bovine urine, and unamended soils served as 
controls as described in Stark et al., (2007). In addition, all lysimeters, with the 
exception of the untreated control, received mineral fertilisation (291 kg N ha-1) as 
urea (app. 20%) and calcium ammonium nitrate (app 80%) (Stark et al., 2007). The 
lysimeters received 310 kg N ha-1 yr-1 as urine. Treatments were applied in a 
randomised complete block design with 3 replicates per treatment. Herbage was 
harvested regularly to correspond with a 28-day rotation of livestock. A series of 
pipes transported the drainage water from each lysimeter to storage vessels housed 
below ground level (Stark et al., 2007). A drainage water samples of 200 L was 
collected from the control between June and December, 2005.  
6.2.2 Isolation of the Humic Substances from the Soil 
 
The soil extract at pH 7.0 was fractionated into HA 1, FA 1, HA 2, FA 2 and 
XAD-4 acid. Briefly, extracts, diluted with distilled water to a concentration (<50 mg 
L-1) were adjusted to pH 2.0 (HCl), left to stand overnight, and then pressure filtered 
to remove any precipitate formed. Filtrates were pumped through XAD-8 and XAD-4 
resins in tandem, and then two column volumes of 0.01 M HCl was pumped through 
to ensure all of the sample had passed through both columns. Each resin was desalted 
separately with distilled water until effluent conductivities were < 100 µS cm-1. Any 
coagulated unsolubilised material released in the desalting process was collected and 
added to the precipitate (if formed). Back elution was carried out using 0.1 M NaOH 
and the centre cut eluates from XAD-8 were adjusted to pH 1.0. The HAs that 
    Chapter 6 Organic Matter from a Grassland Soil and its Drainage Water 
  
 
139 
 
precipitated overnight were isolated by filtration, suspended in distilled water, 
dialysed till chloride free, and freeze dried to give the HA 1 fraction. Supernatants 
(FAs at pH 1.0) were desalted, using XAD-8 resin and distilled water, until the 
effluent conductivities were < 100 µS cm-1, then the columns were back eluted using 
0.1 M NaOH. Effluents were H+-exchanged (IR-120, H+-form) and eluates were 
freeze dried to give FA 1. The XAD-4 resin was desalted, back eluted with 0.1 M 
NaOH, H+-exchanged, and freeze dried to give the XAD-4 acids. 
 The HA precipitate formed at pH 2.0 was redissolved in 0.1 M NaOH, diluted 
with distilled water to a concentration <50 mg L-1, and the pH was adjusted to 2.5. 
Any precipitate formed on standing overnight was recovered by filtration. The filtrate 
was treated as outlined above, yielding HA 2 and FA 2.  
6.2.3 Isolation of Hydrophobic and Hydrophilic Acids from the Drainage Waters 
 
The DOM was isolated from the drainage waters using previously described 
procedures (Malcolm and MacCarthy, 1992; Hayes et al., 2008). The hydrophobic 
(Ho) and hydrophilic (Hi) acids were isolated as follows: waters were filtered under 
pressure (69 kPa) through 0.2 mm Sartorius (Goettingen, Germany) cellulose acetate 
membrane filters. The filtrates were adjusted to pH 2 (HCl) and applied to XAD-8 
resin [(poly)methylmethacrylate] (Rohm and Haas, Philadelphia) and XAD-4 resin 
[styrene divinylbenzene} (Rohm and Haas, Philadelphia). Two column volumes of 
0.01 M HCl were pumped through to ensure that the entire sample had passed through 
the column. The resins were then desalted with distilled water until effluent 
conductivities were <100 mS cm-1. Back elution was carried out using 0.1 M NaOH 
and the centre cut eluates were H+-exchanged (Amberlite IR-120, H+-form; Rohm and 
Haas, Philadelphia), and then freeze dried to give the XAD-8 hydrophobic (Ho) acid 
and XAD-4 hydrophilic (Hi) acid. 
6.2.4 Sample Characterisation  
6.2.4.1 Elemental and δ13C analyses 
 
Carbon, nitrogen, hydrogen content and δ13C values were measured on an 
elemental analyser (Carlo Erba, model NA 1500) and a stable isotope ratio mass 
spectrometer (Fisons, Optima model) continuous flow system in the laboratory of 
C.E. Clapp using the procedure outlined in Hayes et al., (2008). Results of the isotope 
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analyses are expressed in terms of δ values (‰): δ13C = (Rsample/Rstandard -1) × 
1000, where R = ratio of 13C/12C. The δ13C values were calculated relative to the Pee 
Dee Beleminite (PDB) as an original standard. Urea with a δ13C value of -l8.2%, or a 
humic acids standard from IHSS served as working standards for accurately weighted 
solid samples of ca. 1-2 mg. Samples were run in triplicate and the mean value was 
recorded. 
6.2.4.2 Carbohydrate analyses 
 
The procedure is based on that originally described by Blakeney et al. (1983) 
and used, with minor alterations, by Hayes et al. (2008). Samples were run in 
triplicate and the mean value was recorded. Briefly, trifluoroacetic acid (TFA) was 
used in the hydrolysis, the sugars released were reduced to the alditols, and the alditol 
acetate derivatives were formed. The internal standard was myo-inositol (50 ml of a 1 
mg ml-1 solution). The derivatized samples were analysed by gas chromatography. 
Standard solutions for rhamnose, fucose, arabinose, xylose, mannose, galactose and 
glucose were prepared by dissolving 100 mg of sample in 100 ml distilled water. 
Recovery of the standards, after TFA hydrolysis, ranged from 95 to 110%. 
6.2.4.3 Amino acid analyses 
 
Amino acids analyses were based on the procedure described by Turnell and 
Cooper (1982), and as used, with minor modifications by Hayes et al. (2008). 
Samples were run in triplicate and the mean value was recorded. Amino acids were 
released by hydrolysis in 6 M HCl at 110°C (sealed tubes), and ophthalaldehyde was 
the derivatization reagent. Derivatized samples were injected into a Gilson gradient 
high-performance liquid chromatography (HPLC) system, and detected witha 
scanning fluorescence detector. Quantification used norvaline as the internal standard.  
6.2.4.4 Fourier Transform Infrared Spectroscopy 
 
Infrared spectra were obtained on freeze-dried samples as Potassium bromide 
(KBr) pellets using a Bomen FTIR (model Amwen/32, Canada) spectrometer 
scanning from 4,000 to 400 cm-1, averaging 20 scans at 1.0 cm-1 intervals and with a 
resolution of 4.0 cm-1. The procedure a modification of that described by Leenheer et 
al., (2007).  
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6.2.4.5 Solid state VACP/MAS 13C NMR spectroscopy 
 
Solid-state NMR spectroscopy was carried out by the C.M.P Byrne using a 
Bruker 600 MHz DMX spectrometer in the laboratory of Prof. Patrick Hatcher, Old 
Dominion University while on a Fulbright Scholarship in the USA. Additional Solid-
state NMR with spectral editing was carried out by Dr. Etelvino Novotny, UL while at 
Embrapa Solos, Rio de Janeiro using a Varian Inova spectrometer (Varian, Palo Alto, 
CA). Samples were packed in a 4 mm-diameter zirconia rotor with a Kel-F cap. Solid 
state VACP/MAS 13C NMR spectroscopy experiments were carried out at 13C and 1H 
frequencies of 100.5 and 400.0 MHz, respectively. Jackobsen 7 mm MAS double 
resonance probe heads were employed. The Variable Amplitude Cross-Polarisation 
with Magic Angle Spinning technique (VACP/MAS) was applied with a contact time 
of 1 ms, a spinning speed of 13 kHz, acquisition times of 13 ms, and recycle delays of 
500 ms.  
6.2.4.6 Ultrahigh resolution Fourier-Transform Ion Cyclotron Mass 
Spectrometry 
 
Samples were analysed by C.M.P Byrne using Ultrahigh resolution Fourier-
Transform Ion Cyclotron Mass Spectrometry according to the method outlined by 
Sleighter and Hatcher (2008) in an Apollo II ESI ion source of a Bruker Daltonics 12 
Tesla Apex Qe FTICR-MS, housed at the College of Sciences Major Instrumentation 
Cluster (COSMIC) at Old Dominion University.  
Samples were dissolved in a 50:50 (v/v) solution of LC-MS grade water and 
LCMS grade methanol. In order to increase the ionization efficiency, ammonium 
hydroxide was added immediately prior to electrospray ionization (ESI), bringing the 
pH up to 8. Samples were continuously infused into an Apollo II ESI ion source of the 
FTICR-MS. Samples were introduced by a syringe pump providing an infusion rate of 
120 µL/h. All samples were analyzed in negative ion mode. Previous studies show 
that negative ion mode avoids the complications of the positive ion mode in which 
alkali metal adducts, mainly Na+, are observed along with protonated ions (Brown and 
Rice, 2000; Rostad and Leenheer, 2004; Sleighter and Hatcher, 2008). Electrospray 
voltages were optimized for each sample. Ions were accumulated in a hexapole for 1.0 
s before being transferred to the ICR cell. Exactly 200 transients, collected with a 4 
MWord time domain, were added, giving about a 20 min total run time. The summed 
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free induction decay (FID) signal was zero-filled once and sine-bell apodized prior to 
fast Fourier transformation and magnitude calculation using the Bruker Daltonics 
Data Analysis software. 
Prior to data analysis, all samples were externally calibrated with fatty acids 
naturally present within the sample  (Sleighter et al., 2008). A molecular formula 
calculator developed at the National High Magnetic Field Laboratory in Tallahassee, 
FL, (Molecular Formula Calc v.1.0 ©NHMFL, 1998) generated empirical formula 
matches using carbon, hydrogen, oxygen, nitrogen, sulphur, and phosphorus. Only 
m/z values with a signal to noise above 5 were inserted into the molecular formula 
calculator. The assigned formulas, in the vast majority of cases, agreed within an error 
value of less than 0.5 ppm when compared to the calculated exact mass of the 
determined formulas. 
 
6.3 Results and Discussion 
 
The concentrations of the humic fractions isolated for the soil and the Ho and 
Hi acids isolated from the drainage water are given in Table 6.1. The HAs accounted 
for 47.3% of the materials extracted, while the FAs made up 42.31%, and the XAD-4 
acids contributed 10.39% to the material isolated. This follows the trend typically 
observed for soils (Hayes et al., 2008). Based on the organic carbon content of the soil 
(3.14%), and assuming a C content of ~50% for the extracts, about 25% of the organic 
matter of the soil was extracted at pH 7.0 and recovered using the resin procedure.  
6.3.1 Elemental Analyses 
 
The C contents of the fractions isolated at pH 7.0 ranged from 68.54% for FA 
1 to 36.46% for the XAD-4 acid and the N contents varied from 4.22% for HA 1 and 
2.53% for the XAD-4 acid (Table 6.2). δ13C data can indicate the primary inputs to 
the carbon in the humic fractions. Fractions from C3 plants or organisms that utilised 
C3 plants (Deines, 1980; Clapp et al., 1997) have δ13C values in the range -23 to -34 
‰, with the average around -27 ‰ (Hayes et al., 2008). C4 plants have δ13C values in 
the range -9 to -17‰, and with mean values around -12‰. Based on the δ13C data, the 
primary inputs to the carbon in the humic fractions were from C3 plants or from 
microorganisms that utilized plants. This was to be expected as the climax vegetation 
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of this grassland soil was perennial rye grass (Lolium perennae), a C3 plant. Different 
components can give rise to different δ13C values. Carbohydrates have values close to 
the mean, whereas pectin and amino acids can have some 13C enrichment, and lignin 
and lipids are depleted compared with the rest of the plants components (Deines, 
1980). Thus the varying δ13C could indicate selective enrichment with certain plant 
components. The value for the XAD-4 acid indicates greater enrichment in δ13C (less 
numerical negative value) than for the HAs and FAs. This could well arise from 
microbial transformations giving rise to the XAD-4 acid and this is supported by the 
higher levels of carbohydrate in XAD-4 as seen in the neutral sugar data (Table 6.3), 
with a ratio value which indicates that this material was predominantly derived from 
microbial processes. 
 
Table 6.1.Concentration of organic matter fractions isolated from the well 
drained grassland surface soil and its drainage water, values based on the mean 
of three analytical replicates. 
 
(g Kg-1) on a dry, ash free basis  
 pH 7 
FA  1 0.8111 
HA 1 0.3327 
FA 2 0.3078 
HA 2 0.9179 
XAD-4 0.2750 
mg l-1 on a dry, ash free basis 
Ho 1.62 
Hi 0.46 
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Table 6.2. Elemental analysis and δ 13C data of the humic fractions  isolated from 
the well drained grassland surface soil (WDS) at pH 7.0, values based on the 
mean of three analytical replicates. 
 % C % N δ 13C ‰ 
FA 1 68.54 3.35 -30.43 
HA 1 53.69 4.22 -29.12 
FA 2 66.28 3.72 -29.50 
HA 2 58.09 4.20 -29.50 
XAD-4 acid 36.46 2.53 -26.84 
 
6.3.2 Fourier Transform Infrared Spectroscopy 
 
The relatively simple and inexpensive Fourier-transform infrared (FTIR) 
spectroscopy is increasingly used for the characterization of SOM. The advantage of 
FTIR spectroscopy is the direct information about functional groups in the SOM 
fraction analyzed (Tatzber et al., 2007). Typical assignments for lignin (Telysheva et 
al., 2007) indicating the presence of syringyl units, include intensities at 1510 and 
1463, and 1270 and 1220 cm-1 and a rather strong intensity at 1330 cm-1. There were 
distinct peaks in the fingerprint region in the HA and FA fractions, shown in Figure 
6.1, suggesting strong contributions from lignin structures. These include aromatic 
skeletal vibrations at ~1510 cm-1; aliphatic C-H deformation in CH2 and CH3 groups 
at 1460 cm-1 and aromatic ring bending at 1420 cm-1. The spectrum for HA 2 may 
indicate more contributions from lignin in the fingerprint region compared to HA 1. 
The FA fractions were characterised by strong intensities at ~1725 cm-1 characteristic 
of C=O stretching of carboxyl groups, suggesting that these fractions may be more 
highly humified and oxidised that the HA fractions. The XAD-4 spectrum displayed 
significant carbohydrate and peptide signals with peaks at ~ 1036 cm-1 generally 
attributed to the C-O stretching of polysaccharides or polysaccharide-like substances; 
and at ~1500 cm-1 assigned to the amide II band from N–H deformation and C=N 
stretching of amides (Tatzber et al., 2007),  and with a large peak at ~1650 cm-1 
corresponding to the amide I band from C=O stretching of amide groups (Plaza and 
Senesi, 2009).  
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Figure 6.1.FTIR stacked spectra for the humic fractions isolated from isolated 
from the well drained grassland surface soil (WDS) at pH 7.0: a: FA 1, b: FA 2, 
c: HA 1, d: HA 2, e: XAD-4 acid.  
 
6.3.3 Sugar Analyses 
 
Oades (1984) regarded the ratio (MAN+GAL)/(XYL+ARA) as indicative of 
the origins (plant or microbial) of soil carbohydrates. Values grouped around 0.5 or 
approaching 2 would suggest origins in either plants or in microbes, respectively. In 
the same way the ratio (FUC+RHA)/(ARA+XYL) can give indications about origins. 
The smaller this ratio the more likely it is that the sugars have origins in plants. The 
logic is based on xylose and arabinose being largely found in plants and that mannose, 
galactose, rhamnose and fucose are more likely to be found in microbial cells. Based 
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on the predominance of xylose in plants, the (XYL)/(GAL), (XYL)/(MAN), and 
especially the XYL/RHA ratios will be good indicators of plant or microbial origins. 
The larger the ratios, the greater is the likelihood that the saccharides will have origins 
in plants (Hayes et al., 2008). The amounts of the sugars in the fractions are shown in 
Table 6.3. HA 1, FA 1 and XAD-4 acid are the fractions isolated when the soil extract 
(from pH 7.0) was adjusted to pH 2.0 and applied to the XAD-8 and XAD-4 resins in 
tandem. The non-solubilised materials that eluted during desalting were redissolved in 
0.1 M NaOH, diluted as before, and applied to the XAD-8 resin at pH 2.5 to give HA 
2 and FA 2. The relative order of the sugar abundances were as follows: FA 1: Glu> 
Ara> Gal> Man> Xyl> Rha> Fuc; FA 2: Glu> Xyl> Gal> Man> Ara> Rha> Fuc; HA 
1: Glu> Xyl> Gal> Man> Ara> Rha> Fuc; HA 2: Glu> Gal> Man> Xyl> Ara> Rha> 
Fuc; XAD-4 acid: Glu> Gal> Xyl> Man> Ara> Rha> Fuc. Glucose was the most 
abundant sugar in all fractions while fucose was the least.  
The overall abundance of sugar in the fractions decreased in the order of 
XAD-4> HA 1> HA 2> FA 2> FA 1. The ratio of [(Man + Gal)/(Ara + Xyl)] was 
highest for HA 2 at 1.41, suggesting that carbohydrates from microbial sources 
contributed more to this fraction than  they did to HA 1 and that HA 1 had the greater 
proportion of plant derived carbohydrate. This is supported by the Xyl/Rha ratio for 
HA 1 which is high at 4.51 indicating plant sources for the neutral sugars. However, 
the ratio values were all around 1, and with the ratio values for 
[(Rha+Fuc)/(Ara+Xyl)] less than 0.5, would suggest that plant sources, are the major 
contributors to the NS components of the FAs and HAs samples. The XAD-4 acid 
sample contained the most amounts of neutral sugars and this was supported by the 
NMR and FTIR spectra that display significant carbohydrate resonance. The XAD-4 
acid was distinguished by its high [(Man + Gal)/(Ara + Xyl)] ratio value which would 
indicate that this material was predominantly derived from microbial processes. The 
RHA and FUC contents of the XAD-4 acid were greater than for the other humic 
fractions. These sugars and the ratios generally enhance the concept of microbial 
contributions to the genesis of the XAD-4 acid. 
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Table 6.3. Neutral sugar contents of the humic fractions isolated from the well drained grassland surface soil (WDS) at pH 7.0, 
values based on the mean of three analytical replicates (SD= ±5%). 
                      
Sample RHA FUC ARA XYL MAN GAL GLU MA+GA RH+FU XYL 
TOTAL 
                AR+XY AR+XY RHA mg g-1 
pH 7 FA 1  4.07 1.57 8.13 4.19 7.02 7.08 12.52 1.14 0.46 1.03 44.59 
pH 7 FA 2 7.42 2.16 9.19 12.04 9.81 11.19 16.40 0.99 0.45 1.62 68.22 
pH 7 HA 1 5.41 1.64 9.01 24.40 16.87 17.02 32.73 1.01 0.21 4.51 107.08 
pH 7 HA 2 4.30 1.75 8.68 9.45 10.79 14.85 22.79 1.41 0.33 2.20 72.61 
pH 7 XAD-4 8.47 2.85 10.63 16.79 14.97 33.95 36.90 1.78 0.41 1.98 124.56 
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6.3.4 Amino Acid Analyses 
 
The amino acids detected (Table 6.4) are grouped into Acidic (aspartic acid, 
ASP; and glutamic acid, GLT), Basic (arginine, ARG; and histidine, HIS), Neutral 
hydrophobic (NHo, valine, VAL; isoleucine, ILE; leucine, LEU; tyrosine, TYR; and 
phenylalinine, PHE), and Neutral hydrophilic (NHi, threonine, THR; serine, SER; 
glycine, GLY; and alanine, ALA). The ratios of the abundances in the groups can 
have meaning. The order of abundances (in nmol mg-1) of the AAs in the samples 
decreased in the order HA 1, (2558.5), > FA 1 (2082.95). 
The total amounts of amino acids in the acidic (TA), basic (TB), neutral 
hydrophilic (TNHi), and neutral hydrophobic (TNHo) groupings decreased in the 
order TNHi >  TNHo > TB> TA for the HA 1 and for the FA 1. The AAs followed 
the same relative abundance for both the fractions with GLY being the most 
abundant AA, similar to findings by Hayes et al.  (2008). The order of AA for the 
HA 1 was as follows GLY> HIS> LEU> PHE> ARG> ALA> SER> ASP> THR> 
GLU> TYR> ILEU> VAL. The only difference in the FA 1 fraction was that VAL 
was slightly more abundant than ILEU.  Hayes et al. (2008) found that FAs isolated 
from a grassland soil had greater TA/TB ratio values than their corresponding HAs 
acids. They attributed this to the usually greater content of acidic amino acids and 
invariably lesser contents of basic amino acids in the FAs compared with the HAs. 
These differences were also emphasized for the total acidic/total neutral 
hydrophobic (TA/NHo) ratio values, and for the neutral hydrophilic/neutral 
hydrophobic (NHi/NHo) ratios where the FAs ratios were significantly greater than 
those for the HAs. These trends reflect the lesser amounts of the hydrophobic amino 
acids in the FAs because in the resin treatment polar peptides and amino acids 
loosely associated would be released (Häusler and Hayes, 1996). The similar ratios 
for both fractions may be due to the further fractionation of the soil extracts using 
the XAD-8 and XAD-4 resin treatment. This has been shown to separate amino 
acid-rich hydrophilic components from the more hydrophobic fractions that were 
adsorbed by the resin (Häusler and Hayes, 1996). 
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Table 6.4. Amino acid contents of humic fractions in nmol mg-1 isolated from 
the well drained grassland surface soil (WDS) at pH 7.0, values based on the 
mean of three analytical replicates (SD= ±3%). 
 
nmol/mg  FA 1 pH 7 HA 1 pH 7 
Acidic Asp 123.31 159.25 
 Glu 117.97 144.18 
TA  241.28 303.43 
Basic Arg 160.40 195.99 
 His 197.10 247.11 
TB  357.50 443.10 
NHi Thr 120.31 148.02 
 Ser 139.62 172.37 
 Gly 394.09 481.69 
 Ala 154.34 191.25 
TNHi  808.36 993.33 
HNo Val 97.56 126.60 
 ileu 98.11 118.88 
 Leu 190.86 227.00 
 Tyr 111.38 133.35 
 Phe 177.89 212.81 
TNHo  675.81 818.63 
Total  2082.95 2558.50 
TA/TB  0.67 0.68 
TA/TNHo  0.36 0.37 
TNHi/TNHo  1.20 1.21 
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6.3.5 Nuclear Magnetic Resonance Spectroscopy: 
6.3.5.1 Soil Organic Fractions 
 
NMR spectra for the fractions of the extracts obtained at pH 7.0 for the well-
drained soil are shown in Figure 6.2. The resonance bands were: 0-45 ppm (alkyl 
C), 45-65 ppm (methoxyl and amino), 65-110 ppm (carbohydrate, ether, alcohol 
functionalities), 110-140 ppm (aromatic C), 140-160 ppm (O-aromatic C), 160-190 
ppm (acid, ester, amide functionalities), 190-220 ppm (carbaldehyde, ketone).  
The spectra highlight compositional differences between the FA, HA and 
XAD-4 acid fractions. In the spectrum for FA 1, the resonances at 45 to 65 ppm 
include methoxyl (a sharp peak at 56ppm) and this resonance is especially 
prominent for lignin; it is characteristic of HS in the early stages of humification 
(Hayes and Malcolm, 2001). A well resolved methoxyl C peak is indicative of 
lignin remnants and of lignin oxidation products (Malcolm, 1990). The peak at 56 
ppm can be assigned to methoxyl associated with lignin and lignin-like material as 
revealed also in the corresponding DD spectra, and N–alkyl (α-C of most amino 
acids) from protein/ peptides. The signal at 56 ppm was greatly attenuated in the 
DD spectra because only mobile methoxyl C (and not protonated N–alkyl in 
protein/peptides) survived (Song et al., 2008). This would indicate that there are 
contributions from amino acids in this region. The distinct signals in the 65 to 75 
ppm area could be aliphatic C moieties linked by O (ether and ester linkages), 
and/or C bonded to secondary alcohol-type structures, including saccharides. The 
shoulder at about 100-105 ppm can represent anomeric C, or the C1 of sugars in 
cyclic conformation (Clapp et al., 2005). There is significant carbohydrate 
resonance. Evidence for aromaticity is given by resonance between 110 and 140 
ppm. The FA 1 is strongly aromatic, with a lower degree of aromatic substitution 
than the corresponding HAs (see Figure 6.2 c and d). There is strong carboxyl 
resonance suggesting that the FA1 is highly oxidised. FA 2 from pH 7, isolated at 
pH 2.5 (Figure 6.2, b) is very similar to FA 1. In the aliphatic C region, the peaks at 
about 23 and 29 ppm are from terminal methyl groups and from methylene carbons 
in aliphatic rings or chains. The methyl (CH3) is visible in the aliphatic region 
through DD. Anomeric C at 105ppm can be seen clearly from the aromatic peak by 
CSA confirming the presence of carbohydrate at around 72 ppm. The OCH3 peak, 
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the doublet O–aryl signal near 150 ppm, with the great aryl C peak near 130 ppm, 
indicate that the FA 2 contains  lignin contributions.  
The spectrum for HA 1 isolated from pH 7 (Figure 6.2, c) shows prominent 
resonances in the 110–140 ppm range, and there are clear resonances from aliphatic 
methylene, terminal methyl carbons, and O–alkyl C (including carbohydrate). A 
significant part of the aromatic carbons is unprotonated, because the signal persists 
in the DD spectrum. Prominent peaks in the humic acids spectrum at 56, 130 and 
151 ppm and the doublet at around 151 ppm indicate definite origins from lignin or 
lignin-derived materials (Hatcher, 1987).  Contributions from O-aromatic signals in 
FA 1 were much less than for HA 1 and the DD spectrum (Figure 6.2, a) indicates 
that most of the aromatic components in the FA 1 had more hydrogen substituents, 
indicating the greater contribution of lignin to the HA 1. 
HA 2 (Figure 6.2, d) is the HA isolated at pH 2.5. It displays a strong 
aliphatic signal with a stronger methylene signal (29 ppm) than HA 1. HA 2 
displays strong resonance in the aromatic region. The peak is jagged and stair-like, 
indicating a high degree of aromatic substitution and strong lignin signals. There is 
strong o-aromatic and methoxyl resonance to support this. This may indicate a 
lower level of humification in HA 2 compared to HA 1. Hayes et al. (1996b; 2008) 
isolated a HA which precipitated and remained in solution between pH 2.5 and 2.0. 
They found that the NMR spectrum of the precipitate formed between pH 2.5 and 
2.0 from the extract at pH 7.0, contained differences. The precipitates (HA 2) had 
low aromaticity, high carboxyl, some methoxyl, and strong resonances in the 60-90 
ppm and in the aliphatic regions of the spectrum. HA 2 isolated in the present study 
contained significant lignin signals but also contained a higher contribution of 
hydrophobic alkyl hydrocarbon functionalities which may have contributed to the 
association and precipitation of HA 2 (Hayes et al., 2008).   
Figure 6.2, e is the spectrum obtained for the hydrophilic, XAD-4 acid 
fraction isolated at pH 7. It is a simple spectrum, very different from the FAs and 
HAs. There is little aromaticity and the signals are predominantly carbohydrate. The 
peak at 72 ppm can be attributed to polysaccharide structures, and the peak at 100–
105 ppm indicates anomeric C (di–O–alkyl) in carbohydrates. The shoulder on the 
carbohydrate could be due to peptide. The carboxyl signal may be due to the 
carbohydrate. DD shows methyl resonance in the aliphatic region. It is likely that 
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the XAD-4 acids are composed largely of polysaccharide/altered polysaccharide 
materials. It is possible that mucopolysaccharides, or mucopolysaccharide-derived 
substances, contributed to the compositions (Hayes and Malcolm, 2001). The 
shoulder 50-65ppm is likely to be from peptide N (Hayes et al., 2008). NS data 
indicated that the XAD-4 acid contained material primarily of microbial origin. This 
emphasies that the XAD-4 acid may have arisen from microbial metabolism. 
6.3.5.2 NMR hydrophobic and hydrophilic acids 
 
The NMR spectra for the hydrophobic (Ho) and hydrophilic (Hi) acids 
isolated from the drainage water are shown in Figure 6.3. The spectrum for the Ho 
(Figure 6.3, f) shows significant high resonances in alkyl (0-65 ppm) and O-alkyl 
(65-110 ppm), strong resonances in the aromatic region (110-140 ppm) and O-
aromatic region (140-160 ppm) and a large carboxyl peak at ~180ppm. Main chain 
methylene signals at ~26 ppm are consistent with aliphatic structures from plant 
derived waxes/cuticles (Deshmukh et al., 2003) that have previously been identified 
in humic extracts (Kelleher and Simpson, 2006; Kelleher et al., 2006; Simpson and 
Hatcher, 2003), and to contributions from microbial lipids (Simpson and Kelleher, 
2007). The CH3 signal at ~14 ppm is likely to be mainly from methylated amino 
acid side chain residues from microbes (Simpson and Kelleher, 2007). There is a 
significant O-alkyl carbohydrate peak at 60-90 ppm. A distinct anomeric carbon 
peak centred at ~ 105 ppm is evident and is confirmed by CSA, indicating that 
carbohydrates were the main contributor to the resonances in this region. There are 
clear indications for lignin-derived components. The large resonance centered at 
~56 ppm is characteristic of the methoxyl of lignin. Dipolar dephasing (DD) reveals 
non-protonated and mobile carbons. The CH2 of amino acids also occurs around 56 
ppm. As the peak is greatly attenuated in the DD spectrum, this indicates that it is 
not primarily attributable to OCH3 but also contains resonance due to the CH2 of 
amino acid also (Preston, 1996). Additionally, aromatic and O-aromatic resonances 
from lignin at 110-140 ppm and 140-160 ppm are evident in the Ho acid. Thus it 
can be concluded that the Ho is likely to be a mixture of soil derived plant and 
microbial materials that have previously been identified in a range of natural 
organic matter samples (see Chapter 7). The Ho acid most closely resembled the FA 
1 isolated at pH 7.0 from the well-drained surface soil (Figure 6.2, a). Hayes et al. 
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(2008) found that NMR spectra for humic acids from drainage water were very 
similar to the soil humic acids from the pH 7 extract. The NMR spectrum of Hi acid 
is shown in Figure 6.3, g. It differs greatly from the Ho acid fraction. Aromaticity 
was low for this sample and the signals appear to be predominantly carbohydrate 
with resonance at 60-90ppm. Anomeric C resonances at ~105ppm in the CP and 
CSA spectra confirm this. A strong carboxyl peak dominated the spectrum and 
peaks at 50-65 ppm were likely to be from peptide N. The DD spectrum confirms 
these signals may be due to the CH2 of amino acid (Preston, 1996).  Studies by Watt 
et al. (1996b; 1996a) and by Hayes et al. (1996a; 2008) have shown that the aquatic 
XAD-4 acids they isolated were similar to the Ho acid isolated in the present study 
and were characterized by very strong carboxyl, and strong aliphatic hydrocarbon, 
and clear evidence for anomeric carbon and O-alkyl carbon. The hydrophilic acid 
from the well drained surface soil (0-10 cm) isolated at pH 7 (Figure 6.2, e) was 
different from the Hi acid of the drainage water. The NMR spectrum of soil XAD-4 
acid was characterized by a predominant carbohydrate resonance, by low 
aromaticity, by a strong carboxyl signal, and by evidence of peptide contributions, 
while the Hi from the DW contained these signals but would appear to to contain 
more evidence for microbial contributions with strong peptide signals. The data 
indicate that the Hi acid fraction (XAD-4 acid) from parent soil and drainage water 
are compositionally different. The mechanism of DOM transportation through the 
soil is unclear. It probably involved the selective preservation of the organic matter 
through preferential sorption on mineral surfaces and microbial processes. 
 
6.3.6 Ultrahigh Resolution Fourier-Transform Ion Cyclotron Mass 
Spectrometry 
 
Natural organic matter is a complex mixture of organic compounds derived 
mostly from decaying vegetation in the environment. Mass spectrometry (MS) has 
played a key role in the understanding of NOM by providing molecular-level details 
about its composition. Ultrahigh resolution Fourier-Transform Ion Cyclotron MS 
(FT-ICR-MS), using electrospray ionisation (ESI) is currently the only analytical 
techniques capable of fully resolving individual species in complex DOM mixtures 
up to masses of ~ 1100 (Stenson et al., 2003) 
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FT-ICR-MS is a technique where the ions created in the ESI source are 
focused and introduced into the horizontal bore of a large cryogenic magnet where 
they are trapped within a cell. In the presence of a magnetic field, the ions circulate 
at a frequency that is inversely proportional to their mass to charge ratio (m/z). 
Frequencies are detected by increasing the diameter of the ions orbit within the cell 
using an radio frequency pulse, the energy from this pulse is absorbed, which 
increases the ions kinetic energy and in turn increases the orbit of the ion within the 
cell. The packet of ions that is now travelling closer to the detector plates induces an 
image current on the receiving electrode, and the signal is detected and amplified to 
give a time domain that is Fourier-transformed into a frequency scale. The 
frequency scale can easily be converted in to the m/z scale by following the simple 
equation  
fc= z Bo/m 
where fc
 
is the cyclotron frequency, z is the charge on the ion, Bo is the strength of 
the magnetic field, and m is the mass of the ion.  
Because these frequencies can be measured very accurately, m/z can be 
determined with very high resolution and precision, usually to the fifth decimal 
place. With careful calibration, accurate m/z values can be calculated for each peak, 
allowing the determination of elemental formulas that can be assigned to within 1 
ppm error. Meticulous mass calibration is required to obtain exact and highly 
resolved m/z values that can be matched with molecular formulas within a 1 ppm 
error limit or less (Sleighter and Hatcher, 2007). Typical external calibration is 
carried out with calibrants such as arginine clusters or a manufacturer’s specific 
tuning mix and can usually be accomplished within an accuracy of 5 ppm. Internal 
calibration is necessary to achieve 1 ppm accuracy. This can be carried using a dual 
spray injection technique to co-inject standards into the source. Also the sample can 
be mixed with the internal standard prior to electrospray and then analysed 
separately without the standard.  Internal calibration can be achieved with 
compounds known to be present within the sample. For example, fatty acids are 
common components of DOM, and because they charge very easily in negative ion 
mode, they are ideal for use as internal calibrants. Furthermore, fatty acids are 
hydrogen-rich and tend to be well separated from other ions typically detected in 
DOM spectra, making these easily observed (Sleighter and Hatcher, 2007). Because 
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of the extremely complex nature of NOM and DOM, analysis by ESI FT-ICR-MS 
produces large data sets with thousands of peaks, with as many as twenty peaks at 
each nominal mass (Kim et al., 2003). NOM is composed of an extremely complex 
suite of molecules with spectra showing more than 20 peaks per nominal mass over 
a range of 300 mass units, and only FT-ICR-MS has the capability to resolve the 
thousands of individual components in the NOM samples. Many investigators have 
reported resolving powers of in the range of 300 000 -600 000 D (Sleighter and 
Hatcher, 2007).  
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Figure 6.2. 13 C NMR  CP-MAS, DD and CSA spectra for the humic fractions isolated from the well drained grassland surface soil 
(WDS) at pH 7.0 : a) FA 1; b) FA 2; c) HA 1; d) HA 2; e) XAD-4 acid. See text for descriptions of fractions. 
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Figure 6.3. 13 C NMR CP-MAS, DD and CSA spectra for: f: Hydrophobic (Ho); 
g: Hydrophilic acid (Hi) isolated from the drainage water of the well drained 
grassland surface soil. 
 
In order to investigate and to describe changes taking place in the structure and 
elementary composition of plant substances and coal formation, van Krevelen (1950), 
made use of a diagram in which the atomic hydrogen to carbon ratio was plotted vs. 
the atomic oxygen to carbon ratio (Visser, 1983). The van Krevelan diagram was first 
applied for FT-MS data by Kim et al. (2003).  The van Krevelen diagram plots the 
molar H/C ratio on the y-axis and the molar O/C ratio on the x-axis. Major 
biomolecular components of source materials, mainly the products derived from 
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plants, occupy fairly specific locations on the plot. That allows a qualitative analysis 
of the major classes of components contributing to DOM using the locations of the 
peaks on the van Krevelen diagram (Kim et al., 2003). Therefore, in order to discern 
the types of molecules present in the sample, the molecular formula matches can be 
used to construct a van Krevelen diagram which facilitates information retrieval from 
assigned formulas. Such a plot allows the elucidation not only of what compound 
classes are present but also the identification of the reaction pathways taking place. 
Van Krevelan plots have been used to put forward the concepts that degraded lignin 
comprises the major precursor to riverine DOM (Stenson et al., 2003), that 
carboxylic-rich alicyclic molecules occur in marine DOM (Hertkorn et al., 2006), and 
for the molecular characterization of DOM as it was transported along a river to 
estuary to ocean transect. This characterization highlights the shift from aromatic, 
terrestrial DOM to more aliphatic, marine DOM (Sleighter and Hatcher, 2008). In 
addition to clustering the molecules according to their compound classes, well-defined 
trend lines are observed in the data set, and these are representative of homology 
along the molecules, or can even reflect reaction pathways among sets of molecules 
(Sleighter and Hatcher, 2007). The diagenetic history of these compounds can be 
traced from these trend lines because of the fact that typical biogeochemical reactions 
(e.g., oxidation, condensation, etc.) involve loss or gain of integral amounts of C, H, 
O or N atoms, and this will lead to a unique projectory on the plot (Kim et al., 2003). 
Masses in a complex mixture of dissolved organic matter can be related by numerous 
chemical transformations (e.g. hydrogenation, hydration, methylation etc).  
Figure 6.4 shows the van Krevelen diagram created from the formula 
assignments of the FA 1 mass spectrum with the major classes of compounds found in 
the FA 1 overlain on the plot. The major structural categories found in the NMR 
spectrum of FA 1 (Figure 6.2, a) included aromatic, carbohydrate, methoxy and 
aliphatic molecules. Peaks are located in a broad region with O/C ratios between 0.1 
and 0.7 and H/C ratios between 0.4 and 1.7. This region corresponds to mainly lignin 
type molecules (Kim et al., 2003). The strong contribution from lignin-type molecules 
to the mass spectrum is understandable, because lignin has been considered to be a 
major contributor to HS (Stevenson, 1994). Stenson et al. (2003) found that peaks in  
a riverine FA could be structurally assigned to modified lignin molecules. The 
contribution of lignin to the FA is supported by the 13C NMR spectrum (Figure 6.2,a) 
which displays significant lignin signals, with aromatic and O-aromatic and methoxy 
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resonances. Some of the peaks could also be related to condensed or dehydrated 
cellulose-type molecules, as the condensation reaction would move points in the 
cellulose region towards the lignin region along line C. There could also be 
contributions from lipid-type structures that had been extensively oxidised (Kim et al., 
2003). Other major biomolecules found to be present in the FA 1 include protein and 
amino sugars, supported by NS and AA data.  
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Figure 6.4. The van Krevelen diagram for the FA 1 isolated from the well 
drained grassland surface soil (WDS) at pH 7.0. Compounds classes are 
represented by elipses overlain on the plot. The distinctive lines in the plot denote 
the following chemical reactions: (A) methylation/ demethylation, or alkyl chain 
elongation; (B) hydrogenation/dehydrogenation; (C) hydration/condensation; 
and (D) oxidation/reduction. 
 
 
Organic-rich materials leaching from the soil would be primarily responsible 
for the DOM components. Humic substances associated with the surrounding 
terrestrial vegetation would compose the major part of the analyzed DOM sample 
(Kim et al., 2003). When comparisons are made between the soil FA and the 
hydrophobic fraction (Ho) of the DOM in Figure 6.5, it is clear that they are similar in 
composition. Both contain lignin-type molecules as a major portion of their 
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composition. Similarities were also found between the NMR spectra of the FA 1 
(Figure 6.2, a) and the Ho acid (Figure 6.3, f).  
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Figure 6.5. The van Krevelen diagram for FA 1 isolated from the well drained 
grassland surface soil (WDS) at pH 7.0 and for the hydrophobic acid (Ho) 
isolated from the drainage water of the WDS. 
 
Comparisons between the soil FA 1 and the hydrophilic acid (Hi) isolated 
from the drainage water shown in Figure 6.6 indicated that the Hi acid contained 
greater contributions from aminosugars and cellulose. This is supported by 13C NMR 
data, (Figure 6.3, g) as the signals appeared to be predominantly carbohydrate and 
with signals from peptides.  
In addition to the two-dimensional van Krevelen diagram, one can also display 
the information in three dimensions by adding another molar ration as the z-axis. 
Plotting the z-axis as an N/C ratio disperses the elemental composition information 
into a third dimension where one can examine the H/C and O/C ratio of N-containing 
molecules separated from the clusters of molecules containing only C, H and O. N/C 
ratios of 0.0-0.1 suggest long chain alkyl amines, while N/C ratios of 0.1-0.4 suggest 
peptides and proteins (Sleighter and Hatcher, 2007). From Figure 6.7 a-c, it is evident 
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that the Hi acid, the hydrophilic component of the DOM, contains amine, peptide and 
protein molecules. 
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Figure 6.6. The van Krevelen diagram for FA 1 isolated from the well drained 
grassland surface soil (WDS) at pH 7.0 and for the hydrophilic acid (Hi) isolated 
from the drainage water of the WDS. 
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Figure 6.7. The three dimensional van Krevelen diagrams for the hydrophilic acid (Hi) isolated from the drainage water of the well 
drained grassland soil (WDS), with N/C ratios on the z-axis (a). Expanded regions are shown for the N/C ratios 0.0-0.1 (b) and 0.1-0.4 
(c). 
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6.3.6.1 Kendrick Mass Defect 
 
Mass Defect is the distance a peak is displaced from the exact nominal mass in 
the spectra. Compounds with a low mass defect (<0.1) have low amounts of hydrogen 
and/or high amounts of oxygen, such as benzocarboxylic acids or carboxylated, 
condensed aromatics. As the mass defect increases, the number of hydrogens 
increases and/or the number of oxygens decreases. Mass defects in the range of 0.2-
0.4 reflect hydrogen rich components, such as aliphatic, mid-length fatty acids (C15-
C22). Longer-chain fatty acids (C24-C40) appear at mass defects of 0.4-0.6. Kendrick 
Mass Defect (KMD) analysis identifies homologous series of compounds within a 
sample (Sleighter and Hatcher, 2007). A homologous series is a series of m/z values 
that differ only by the exact mass of a certain functional group, such as a CH2 group 
(Kendrick, 1963). KMD basically converts the nominal mass of a CH2 group 
(14.00000) to the exact mass (14.01665). By multiplying the ratio of the nominal 
mass to the exact mass (14.00000/ 14.001565) by the m/z value from the mass 
spectrum, one gets the Kendrick mass, as shown by the equation below: 
Kendrick mass= exact m/z of peak x (14.000 00/ 14.0015 65) 
Then the KMD is calculated by subtracting the Kendrick mass from the observed 
nominal mass: KMD = Observed nominal mass – Kendrick Mass. 
Therefore ions differing only by a CH2 group (i.e. chain elongation) will have the 
same KMD. As a result, if there are multiple formulas for one m/z value, the one that 
falls within a homologous series is chosen as the correct assignment. By plotting 
KMD against nominal Kendrick mass, each homologous series falls on the same 
horizontal line (Sleighter and Hatcher, 2007). The degree of oxidation and 
unsaturation increases with increasing KMD while saturation and reduction increases 
with decreasing KMD (Kujawinski et al., 2002). 
KMD analysis can be used to identify the chemical transformations identified in 
Figure 6.4. Line A can represent methylation/demethylation reactions or alkyl chain 
elongation (difference of CH2). In Figure 6.8, a  many different overlapping CH2 
series were observed as horizontal trends among the data.  Peaks in Line A (Figure 
6.4) may be chemically related to each other by a combination of demethylation or 
oxidation reactions. It is possible that two reactions can occur in sequence (e.g., 
formation of a primary alcohol by demethylation and as families of compounds 
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separated horizontally by the differences in mass of 2 H atoms and diagonially by 
masses corresponding to C2H4O. In line B the peaks can be chemically related to each 
other by a combination of chemical reactions, such as formation of an aldehyde or a 
ketone functional group by a dehydrogenation reaction, and by an aldol condensation 
reaction with acetaldehyde. The points in the H2O plot (Figure 6.8, c) exist as families 
of compounds separated horizontally by a difference of H2O and diagonally by CH2O. 
In the O plot (Figure 6.8, d), compounds separated by a difference in mass of an 
oxygen atom lie along horizontal lines and by masses corresponding to C2H2 
diagonally (Kim et al., 2003). All reaction states can exist in this sample because 
DOM is an integrated accumulation of organic matter derived from a multitude of 
sources at various levels of diagenetic transformation. 
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Figure 6.8. Kendrick mass defect plots of peaks on the trend lines identified in Figure 6.4: (a) points in trend line A analysed by CH2 
KMD analysis; (b) points in line B by H2 KMD analysis; (c) points in line C by H2O KMD analysis ; and (d) points in line D by O KMD 
analysis. 
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6.4 Conclusions 
 
OM is lost from soil through leaching in drainage water. Further information 
on the composition of the organic C lost in drainage water and how it relates to the 
native HS from the soil provides an insight into how OC moves from the terrestrial 
environment into the aquatic environment. Using NMR spectroscopy and ESI coupled 
to ultrahigh resolution FT-ICR-MS, which can facilitate the extensive molecular level 
characterisation of NOM, it can been seen that there are definite similarities between 
the highly oxidised organic components isolated from the well drained soil at pH 7.0 
and the DOM  isolated from its drainage water. The 13C NMR data have shown that 
the spectrum of the FA 1 most closely resembles that of the Ho acid from the drainage 
water. This would indicate the contribution of the highly oxidised FA to the major 
component of the DOM found in the drainage water. FA isolated at pH 7.0 from soil 
is highly oxidised and undergone extensive humification and transformation and its 
apparent contribution to the major component of DOM in the drainage water, the Ho 
acid, may suggest that the highly oxidised FA is a major link in the C cycle between 
soil OM and ground water DOM.    
International concern about climate change has increased interest in SOM and 
DOM. This study provides further insights into the composition of SOM in a well-
drained Irish grassland soil and the composition of the organic C lost from soils 
through transport in drainage water. This is important as it provides an insight into an 
area of the global carbon cycle about which little is known. 
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Chapter 7 Compositional Changes in the Hydrophobic acids 
fraction of Drainage Water from Different Land 
Management Practices. 
 
(The study in this chapter has been published in Water Research: 44, 4379-4790. See 
Appendix 1). 
7.1  Introduction 
Dissolved organic matter (DOM) is a complex, heterogeneous mixture found in all 
natural waters, and it represents the largest fraction of mobile carbon (C) on earth. It 
provides an intimate link between the terrestrial and aquatic environments (Lam et al., 
2007). Soil derived DOM can play a key role in many environmental processes, 
including carbon cycling, nutrient transport and the fates of contaminants and of 
agrochemicals (Qualls and Haines, 1991; Zsolnay, 2003; Royer et al., 2007). Despite 
its obvious importance, the structural components of soil DOM and the variations of 
these components with different land management practices, have not been well 
resolved (Royer et al., 2007).  
Temperate grassland ecosystems, which comprise 32% of the earth’s natural 
vegetation (Frank and Dugas, 2001), can be considered to have a significant role in 
the uptake of atmospheric CO2 and in balancing the global C budget (Batjes, 1998). 
Grassland, the dominant ecosystem in Ireland, represents 90% of agricultural land and 
56% of the total land area (Jaksic et al., 2006). Article 3.4 of the Kyoto protocol 
(UNFCCC, 1998)  makes provision for the use of soil C stock changes in grazing 
lands to offset greenhouse gas (GHG) emissions and to facilitate the achievement of 
emissions reduction targets (Byrne et al., 2007). On that basis, there is a need to better 
understand the organic components leached from these carbon stocks under different 
management practices.  
Soils in long-term pasture are in a steady-state with regard to soil organic matter 
(SOM) content. Carbon accumulation in grassland ecosystems occurs mostly below 
ground and changes in soil organic C (SOC) stocks may result from changes in land 
use management (Soussana et al., 2004). Grassland C stocks represent at least 10% of 
the global total, and some sources suggest up to 30% of that total (Scurlock and Hall, 
1998). The stocks of SOM result from the balance between inputs and outputs of C. 
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Inputs are primarily from leaf and root detritus. Outputs are dominated by the efflux 
of carbon dioxide (CO2) and of methane (CH4) from the soil surface and by the 
hydrologic leaching of dissolved and particulate C (Davidson and Janssens, 2006). 
The pool of SOM is of particular interest because even small changes in flux rates 
into or out of such a large pool could lead to the accumulation of significant quantities 
of greenhouse gases (Billings and Ziegler, 2008).  
Although land use and related management practices are known to affect the 
amounts and compositions of SOM and soil properties, their influences on the 
amounts and compositions of DOM have not been extensively studied (Chantigny, 
2003). Various aspects of the effects of elevated nitrogen (N) deposition and of N 
fertilization have been studied, yet little is known about their effects on DOM 
turnover (Kalbitz et al., 2000). The same is true for organic amendments such as 
urine. The OM in amendments are biodegradable and are generally readily 
transformed by soil microbes. That may result in transient increases in the soil DOM 
(Chantigny, 2003). Amendment with slurry has been found to increase nitrogen (N) 
immobilisation through increased microbial activity (Hoekstra et al., 2010). This may 
lead to an increase in carbon mineralization and a decrease in DOM export. However, 
to our knowledge, detailed studies have not been carried out on changes in DOM 
compositions following mineral fertilization and organic amendments. Soil hydrology 
is also likely to affect DOM dynamics. Differences have been found between DOM 
fractions isolated from different drainage regimes (Hayes and Skjemstad, 1997), and  
research has shown that DOC exports were 33 Kg ha -1 lower from drained than from 
undrained plots  (McTiernan et al., 2001). 
In this study we characterise, in detail, the Ho from the DOM formed from two 
soils, one well drained (WDS) and the second poorly drained (PDS), each amended 
with fertiliser, and with fertiliser and urine. The emphasis is on the characterisation of 
the components of the Ho released in the drainage water from these soils using 
advanced Multidimensional nuclear magnetic resonance spectroscopy (NMR) 
techniques that are widely used to study structures and interactions in environmental 
chemistry (Simpson and Brown, 2005; Thrippleton and Keeler, 2003). 
7.2 Materials and Methods  
7.2.1 Source of Samples 
 
___________________      _Chapter 7 Hydrophobic acids fraction of Drainage Water 
173 
 
Intact soil monoliths lysimeters (0.8 m diameter by 1 m deep) were sampled from a 
well-drained (WDS) Brown Podzolic soil (Haplic Podzol (Anthric)) (FAO, 2007) and 
from a poorly drained (PDS) Gley (Luvic Stagnosol (Eutric, Siltic)) (FAO, 2007) 
were installed in 2004 in lysimeters in a pasture field at the Teagasc Environmental 
Research Centre (ERC), Johnstown Castle, Wexford, Ireland by Teagasc research 
staff. The soils were collected as undisturbed monoliths and installed according to an 
established protocol (Cameron et al., 1992). Briefly this involved isolating a 1 m by 1 
m soil column and then carefully, reciprocally, pushing a 0.8-m HDPE pipe through 
the soil column. When the pipe reached 1 m a cutting plate was hydraulically pushed 
beneath the lysimeter to cut it from the soil beneath. To prevent edge flow liquid 
petrolatum was injected between the soil and the HDPE pipe. The lysimeters were 
inverted and 5 cm of fine gravel inserted at the base of the soil and a base plate with 
drainage outlet was welded to the pipe. The completed lysimeters were installed in a 
field lysimeter facility under natural rainfall and meteorological conditions. Each soil 
was sown with perennial ryegrass (Lolium perennae L.). In order to replicate typical 
Irish grazed grassland activities, some of the lysimeter soils were amended with 
fertiliser and some with both fertiliser and bovine urine, and unamended soils served 
as controls as described in Stark et al., (2007). With the exception of the controls, the 
lysimeter soils received in 2004 and 2005, 291 kg N ha-1 yr_1 as fertiliser and 310 kg 
N ha-1 yr_1 as urine. Treatments were applied in a randomised complete block design 
with 3 replicates per treatment. Herbage was harvested regularly to correspond with a 
28-day rotation of livestock. A series of pipes transported the drainage water (DW) 
from each lysimeter to storage vessels housed below ground level. Drainage water 
samples, 200 L from each treatment and control, were collected from the lysimeter 
facility between June and December, 2005. 
7.2.2 Isolation of Hydrophobic Acids from Drainage Waters. 
 
The Ho were isolated from the drainage waters using previously described 
procedures (Malcolm and MacCarthy, 1992; Hayes et al., 2008). Waters were filtered 
under pressure (69 kPa) through 0.2 mm Sartorius (Goettingen, Germany) cellulose 
acetate membrane filters. The filtrates were adjusted to pH 2 (HCl) and applied to 
XAD-8 resin [(poly)methylmethacrylate] (Rohm and Haas, Philadelphia). Two 
column volumes of 0.01 M HCl were pumped through to ensure that the entire sample 
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had passed through the column. The resin was then desalted with distilled water until 
effluent conductivities were <100 mS cm-1. Back elution was carried out using 0.1 M 
NaOH and the centre cut eluates were H+ exchanged (Amberlite IR-120, H+-form; 
Rohm and Haas, Philadelphia),and then freeze dried to give the XAD-8 hydrophobic 
(Ho) acids. Exports of hydrophobic acids (Ho) in the drainage water from the well-
drained and of poorly-drained soils under different treatment applications are 
provided in Table 7.1.  
 
Table 7.1. Exports of hydrophobic acids (Ho) in the drainage water from the 
well-drained and of poorly-drained soils under different treatment applications. 
 
 
 
 
 
 
7.2.3  Solution State NMR Spectroscopy Experimental Method 
 
Samples (40 mg) were dissolved in 600 mL of deuterium oxide (D2O) and 
titrated to pH 12 using NaOD to ensure complete solubility. Additional samples (40 
mg) were dissolved in 600 mL DMSO-d6. Samples were analysed using a Bruker 
Avance 500 MHz NMR spectrometer equipped with a 1H-19F-15N-13C 5 mm, 
quadruple resonance inverse probe with actively shielded zgradient (QXI). 1D 
solution-state 1H NMR spectra were obtained with 128 scans, a recycle delay of 2 s, 
16 384 time domain points, and an acquisition time of 0.79 s. Water suppression was 
achieved using PURGE (Simpson and Brown, 2005). Spectra were apodized through 
multiplication with an exponential decay corresponding to 1 Hz line broadening, and 
a zero-filling factor of 2. Diffusion edited (DE) spectra were obtained using a bipolar 
pulse longitudinal encode-encode sequence. Scans (1600) were collected using a 2.5 
ms, 49 G/cm, sine-shaped gradient pulse, a diffusion time of 200 ms, 16 384 time 
domain points, 0.82 s acquisition time, and a sample temperature of 298 K.  
Heteronuclear multiple quantum coherence (HMQC) spectra were obtained in 
phase-sensitive mode using echo/ anti-echo gradient selection and a 1J 1He13C value 
 Ho losses mg L-1 
Treatment Well drained soil (WDS) Poorly drained soil (PDS) 
Control 1.62 1.54 
Fertiliser 2.42 3.78 
Fertiliser & urine 2.25 1.87 
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of 145 Hz. Scans (512) were collected for each of the 128 increments in the F1 
dimension. A total of 1048 data points were collected in F2, and a relaxation delay of 
1 s was employed. The F2 dimension was multiplied by an exponential function 
corresponding to a 10 Hz line broadening and a zero-filling factor of 2. The F1 
dimension was processed using a sine-squared function with a p/2 phase shift and a 
zero-filling factor of 2.  
Total correlation spectroscopy (TOCSY) spectra were acquired in the phase-
sensitive mode, using time proportional phase incrimination (TPPI). TOCSY NMR 
experiments were carried out using 512 scans with 128 time domain points in the F1 
dimension and 1048 time domain points in the F2 dimension. A mixing time of 60 ms 
was used with a relaxation delay 
of 1 s. Processing of both dimensions used a sine-squared function with a p/2 phase 
shift and a zero-filling factor of 2. Nuclear Overhauser Effect Spectroscopy (NOESY) 
was obtained with the elimination of zero-quantum interference (Thrippleton and 
Keeler, 2003). NOESY NMR experiments were carried out using 256 scans with 128 
time domain points in the F1 dimension and 1048 time domain points in the F2 
dimension. A mixing time of 250 ms was used with a relaxation delay of 1 s. Zero-
quantum suppression was achieved through the use of an adiabatic-pulse/gradient pair 
during the mixing time (Thrippleton and Keeler, 2003). Both dimensions were 
processed using a sine-squared function with a p/2 phase shift and a zero-filling factor 
of 2. 
 
7.3 Results and discussion  
 
Dissolved organic matter (DOM) in soil is composed of humic substances and a 
variety of specific identifiable organic compounds, including carbohydrates and 
peptides. In this study the hydrophobic acid fraction was isolated using an XAD-8 
resin technique (Leenheer, 1981), and is the dominating constituent of bulk 
dissolved organic matter (DOM) in soil solutions (Asakawa et al., 2006). For this 
reason attention was focuses on the Ho acid fraction of the DOM. 
7.3.1  Characterisation of the Drainage Water Hydrophobic Acids  
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Two solvent systems were used for the NMR analysis of the Ho; D2O/NaOD 
and DMSO- d6. D2O or D2O/NaOD systems are commonly used for studies of DOM 
(Simpson, 2001; Lam et al., 2007; Kim et al., 2003; Kaiser et al., 2003; Hertkorn et al., 
2006; Smejkalova and Piccolo, 2008) and the D2O/NaOD system in this study 
enabled comparisons with previous studies. DOM samples in the protonated form 
(achieved here through exchange with the IR-120 cation resin) are completely soluble 
in DMSO. DMSO is a dipolar aprotic solvent; hence signals from exchangeable 
protons, for example, N-H, can be observed. Thus DMSO provides excellent 
complimentary information for structural studies, especially for protein/peptide 
components, and in many cases it provides spectra with better defined resonances 
(Simpson, 2001). Our samples were completely soluble in both solvent systems used. 
1D and 2D NMR spectroscopy techniques were used to observe compositional 
differences in the Ho components in the drainage waters.  
Figure 7.1, A shows the 1H NMR spectrum in DMSO-d6 for the Ho isolated 
from the poorly drained soil (PDS) treated with fertiliser. Major structural 
components present include aromatics, lignin (Lig), carbohydrates (Carb), 
proteins/peptides (P) and aliphatic units. Figure 7.1, B is the diffusion edited (DE) 
NMR spectrum of the same sample. Signals from larger molecules or rigid molecular 
associations can be further emphasised by the use of diffusion editing. Diffusion 
editing “spatially encodes” molecules at the start and then “refocuses” these at the end 
of the experiment. Species that diffuse and exhibit a high degree of motion during the 
experiment are not refocused and are essentially gated from the final spectrum 
(Simpson et al., 2007b). Thus the spectrum produced contains only signals from 
larger molecules or rigid molecular associations. Because the majority of the signals 
remain after diffusion editing, it can be considered that the components in the Ho are 
likely to be larger molecules or very stable aggregates (Simpson, 2002). Main chain 
methylene signals at ~1.3 ppm are consistent with aliphatic structures from plant-
derived waxes/cuticles (Deshmukh et al., 2003) that have previously been identified 
in humic extracts (Simpson et al., 2003; Kelleher et al., 2006; Kelleher and Simpson, 
2006), and to contributions from microbial lipids (Simpson et al., 2007a). In this DE 
spectrum, the CH3 signal at ~ 0.8 ppm is likely to be mainly from methylated amino 
acid side chain residues (Simpson et al., 2007a). This is further dealt with in 
discussion of Figure 7.1, C. Figure 7.1, B and C compare the DE spectrum of the Ho 
with that obtained for microbes cultured from a Canadian dark grey Chernozem soil. 
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The microbes on which Figure 7.1,C is based were isolated from a different soil to 
that from which the Ho for Figure 7.1, B was obtained. The microbes were cultured in 
another study in a minimal medium with glucose and acetate as carbon sources using 
a "double spiking approach" (Simpson et al., 2007a). The spectrum shown in Figure 
7.1,C  shows the extent to which the microbial contributions contribute to the Ho. 
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Figure 7.1. (A), 1H NMR spectrum in DMSO- d6 for Ho isolated from the PDS treated with Fertiliser. (B), Diffusion edited 1H 
NMR spectrum in DMSO- d6 for the Ho. (C), Cultured soil microbes. (D), Organosolv Lignin. Assignments include lignin (Lig), 
carbohydrates (Carb), protein/peptides (P), waxes, cuticles and lipids (WC/L), protein/peptide side chains (SC), phenylalanine (Phe), 
and amide (N-H). 
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There is considerable overlap in the 1D NMR resonances. However, it has 
been possible to confirm the suggested assignments by an array of 2D NMR 
experiments, including HMQC, TOCSY, and NOESY. Applications of 2D NMR for 
studies of natural organic matter (NOM), and interpretations of the data have been 
discussed extensively in the literature (Simpson et al., 2001; Simpson, 2001; Cardoza 
et al., 2004). Briefly, 2D NMR experiments provide increased spectral dispersion as 
well as additional connectivity information allowing detailed assignments of the 
chemical functionalities and structural components present (Lam et al., 2007). Figure 
7.1, A shows the Heteronuclear Multiple Quantum Coherence (HSQC) spectrum for 
the Ho isolated from the PDS  that was treated with fertiliser. The HMQC experiment 
detects one bond 1H-13C connectivites in an organic structure (Simpson, 2001). When 
considered together, the cross-peaks form a specific pattern that can be thought of as 
the “molecular fingerprint” of a specific structure or class of structure (Kelleher and 
Simpson, 2006). The HMQC NMR spectrum identifies a range of chemical 
functionalities present (assignments and references are given in the Figure caption) 
and suggests that the Ho are a mixture of predominately lignin, protein, carbohydrates, 
and lipids/cuticlar waxes (Kelleher and Simpson, 2006; Lam et al., 2007; Simpson et 
al., 2007a; Simpson et al., 2007b; Deshmukh et al., 2005; Deshmukh et al., 2003). 
This is further supported by the TOCSY (Figure 7.2, C) and NOESY (Figure 7.2, D) 
data. All these components have been assigned previously for NOM (Simpson et al., 
2007a; Kelleher et al., 2006; Kelleher and Simpson, 2006; Deshmukh et al., 2003; 
Simpson et al., 2007b; Hertkorn et al., 2006; Lam et al., 2007; Simpson, 2001; 
Simpson et al., 2003). 
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Figure 7.2. Various 2D NMR spectra of the Ho isolated from the PDS treated with fertiliser. (A), HMQC Spectrum, main assignments 
can be summarized as 1, p-hydroxybenzoate aromatics in lignin (Simpson et al., 2004; Kelleher and Simpson, 2006); 2, phenylalanine in 
peptides (Simpson et al., 2007a; Kelleher and Simpson, 2006) ; 3, aromatic lignin units (Kelleher et al., 2006; Simpson et al., 2004); 4, 
anomeric protons in carbohydrates (Lam et al., 2007; Kelleher and Simpson, 2006); 5, methine in carbohydrates (Lam et al., 2007; 
Kelleher and Simpson, 2006); 6, methylene units in carbohydrates (Lam et al., 2007; Kelleher and Simpson, 2006); 7, α-protons in 
peptides and proteins (Simpson et al., 2007a; Simpson et al., 2007b; Kelleher and Simpson, 2006); 8, methoxyl in lignin (Simpson et al., 
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2004; Simpson et al., 2003; Kelleher and Simpson, 2006); 9, aliphatic linkages including signals from various lipids and plant cuticles 
(Simpson et al., 2007b; Simpson et al., 2003; Deshmukh et al., 2003; Deshmukh et al., 2005), and side-chain protons in peptides (Kelleher 
and Simpson, 2006; Simpson et al., 2007a); 10, N-acetyl and/or O-acetyl carbohydrates (Lam et al., 2007; Hertkorn et al., 2006); 11, 
methylene units in aliphatic chains (Simpson et al., 2003; Simpson et al., 2001; Kelleher et al., 2006); 12, methyl groups, a small 
contribution in this region will be from terminal CH3 in lipids, though the majority of signals are from peptides (Simpson et al., 2007a; 
Simpson et al., 2003; Kelleher et al., 2006). (B), is an expanded region of the HMQC. The intense lignin methoxyl signal is clearly evident 
in region 8. (C), is the TOCSY spectrum which supports assignments made from the 1D and HMQC spectra. Key assignments: aromatic 
couplings (Kelleher and Simpson, 2006; Simpson et al., 2004); Pamide = amide-αβγ couplings in peptides (Simpson et al., 2007b; Kelleher 
and Simpson, 2006; Simpson et al., 2007a; Kingery et al., 2000); Pα; α-protons coupling to amino acid side chains (Simpson et al., 2007b; 
Kelleher and Simpson, 2006; Simpson et al., 2007a; Kingery et al., 2000); couplings in carbohydrates (Carb) and aliphatic couplings 
(Simpson et al., 2003; Kelleher et al., 2006; Deshmukh et al., 2003; Deshmukh et al., 2005). (D), is the NOESY spectrum that confirms 
the strong contribution of P, peptides/proteins with cross-peaks from α-protons in amino acid side chains. The most important 
assignment is the through space interaction between aromatic rings and methoxyl groups indicative of lignin (Lig) (Simpson, 2001).
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Signals due to N-acetyl and/or O-acetyl, previously seen in freshwater DOM 
(Lam et al., 2007; Hertkorn et al., 2006) are evident in region 10 (Figure 7.2,A, B). 
Acetyl groups (Lam et al., 2007), often found in peptidoglycan from microbial cell 
walls (Simpson et al., 2007b) and in protein (Simpson et al., 2007a) could indicate 
microbial inputs. The microbial contributions are most clearly evident from 
comparisons between spectra for microbial biomass cultured from soil (Simpson et 
al., 2007a) and those for the Ho in this study. Figure 7.1, B and C compare the DE 
spectrum of the Ho with that obtained for microbes cultured from a Canadian dark 
grey Chernozem soil. The microbes on which Figure 7.1,C is based were isolated 
from a different soil to that from which the Ho for Figure 7.1, B was obtained. The 
microbes were cultured in a minimal medium with glucose and acetate as carbon 
sources using a "double spiking approach" (Simpson et al., 2007a). Previous studies 
have shown that soil microbes give a relatively similar NMR spectrum, irrespective of 
the soil type from which they are isolated (Simpson et al., 2007a), and the spectrum 
shown in Figure 7.1,C  shows the extent to which the microbial contributions 
contribute to the Ho. Comparison of the two spectra indicate that signals from 
microbial biomass, mainly peaks labelled P, are clearly apparent in the NMR 
spectrum of the Ho. Characteristic resonances seen for protein/peptide, namely amide 
(N-H), phenylalanine (Phe), α-protons from amino acid side chains, and methylated 
side chains are easily distinguishable in both the Ho acid and in the microbial 
biomass. Furthermore, the region labelled “SC” in Figure 7.1,C represents the side-
chain resonances from proteins and peptides. This region can generally be considered 
as a “fingerprint” region representing the type of peptide/protein present (Simpson et 
al., 2007a). The side-chain region in the Ho acid matches well with that of the 
microbes. The similarities between the Ho spectrum and that of the microbes, 
highlights the input of microbial biomass to the Ho isolated from the drainage waters. 
Components from plant biomass, in addition to microbial inputs, are also in evidence. 
There are clear indications for lignin-derived components. While these signals are 
very clear in the HMQC and NOESY data ( Figure 7.2,A, D), they are still apparent in 
the 1D spectra. Figure 7.1,D displays the DE spectrum for a lignin standard 
(organosolv lignin, Sigma Aldrich). The large resonance centered at ~3.7 ppm is 
characteristic of the methoxyl of lignin. Comparison of the spectrum for Ho (1B) with 
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that of the Organosolv lignin (1D) clearly indicates that the apex of the central region 
of the lignin peak (labelled Lig) in the Ho is from the methoxyl of lignin (Simpson et 
al., 2007b). This is also confirmed by the intensity of the methoxyl signal in the 
HMQC data (Figure 7.2,A). Additionally, aromatic resonances from lignin at ~6.3-7 
ppm (Lig), are evident in the Ho (Figure 7.1,B) and these partially overlap with the 
signal for aromatic residues in proteins/peptides. Thus it can be concluded that the Ho 
is likely to be a mixture of soil derived plant and microbial materials that have 
previously been identified in a range of NOM samples (Lam et al., 2007; Simpson, 
2001; Hertkorn et al., 2006; Simpson et al., 2007a; Simpson et al., 2007b; Simpson, 
2002; Simpson et al., 2003; Kelleher et al., 2006; Kelleher and Simpson, 2006; 
Simpson et al., 2001; Simpson et al., 2004; Hertkorn et al., 2002).
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Figure 7.3.1H NMR spectra for Ho in D2O, differing by soil and treatment.  (A), WDS Control; (B), WDS Fertiliser; (C), WDS Fertiliser 
+ Urine; (D), PDS Control; (E), PDS Fertiliser; and (F), PDS Fertiliser + Urine. Simple assignments for spectra indicate strong 
contributions from aromatic functionalities, from P, proteins/peptides; Lig, lignin; Carb, Carbohydrate; (CH2)n,  aliphatic methylene 
units consistent with aliphatic structures from plant-derived waxes, cuticles and lipids, in addition to contributions from microbial 
lipids; (CH3), could be due to methylated amino acid side residues plus contributions from terminal methyl groups from plant-derived 
residues. P* could contain contributions from other molecules such as Refractory carboxyl-rich alicyclic molecules (CRAM).  
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7.3.2 Investigation into the Effects of the Various Treatment Regimes 
 
Results have varied with regard to studies of the effects of N on OM 
decomposition. Concentrations and fluxes of DOC from the forest floor remained 
unchanged for field additions of N (Currie et al., 1996; McDowell et al., 1998) 
whereas the DOC release rate was found to have decreased by 20% following N 
fertilization of a forest soil (Cronan et al., 1992). N addition as urea resulted in the 
increased release of water-soluble OC from a forest soil (Homann and Grigal, 1992).  
Exports of hydrophobic acids in the drainage water from the well-drained and of 
poorly-drained soils under different treatment applications are shown in. Table 7.1. 
Both of the control soils had similar exports of Ho acids in their DW. However, the 
application of fertiliser gave rise to large increases. Exports of Ho were 1.5 times 
greater from the WDS, and were almost 2.5 times greater from the PDS. This positive 
correlation between N fertiliser application and total Ho exported in the cases of both 
soils may have resulted from increased grassland matter productivity. This is 
proportional to N application (McTiernan et al., 2001), and leads to greater returns of 
OM to the soil via leaf and root decay (Parsons et al., 1991). The additional OM from 
the increased plant growth would be a potential source of the Ho that would be 
transported from the plot by rainwater (McTiernan et al., 2001). In addition urea- and 
ammonium-based fertilisers temporarily solubilise SOM and can, as the result of an 
increase in soil pH, induce a marked increase in DOC content (Myers and Thien, 
1988; Chantigny, 2003). However, this effect has been found to be short-lived (Clay 
et al., 1995).  
The NMR spectra obtained for samples after dissolving in DMSO-d6, shown in 
Figure 7.4, are better resolved but contain the same major structural components seen 
in D2O (Figure 7.3). The contribution of peptides to the Ho is more evident in the 
DMSO- d6 spectra, as seen by the double “hump” at ~4-4.4 ppm (α-protons) and by 
the large amide and methyl resonances (Simpson et al., 2007b). This is most clear in 
the DE spectra in DMSO (see Figure 7.5). The DE spectra are dominated by lignin 
and microbial signatures indicating that these are the largest of the components in the 
sample.   
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Regardless of solvent used, the NMR spectra indicate that there is an increase in 
the lignin contribution to the Ho (Figure 7.3 and Figure 7.4: A vs. B, D vs. E) as the 
result of fertiliser applications. Absolute quantification from such complex 1D spectra 
is very difficult, as discussed by Simpson et al., (2007b). However, relative 
quantification of the methoxyl signal is possible from the 2D HMQC spectra. 
Absolute quantification is not possible because the signal intensity in the HMQC 
employed in this study is proportional to the one bond coupling constant (1J 1H-13C). 
The intensity of the methoxyl signal with respect to the total intensity of all peaks in 
the HMQC (with the exclusion of the DMSO peak) provides an estimation of the 
abundance of lignin in each sample. This, in turn, permits the relative 
increases/decreases in lignin contents in the different samples to be estimated.   
Semi-quantitative analysis indicates that, compared to the control, treatment of the 
soil with fertiliser increased the lignin-derived components in the WD Ho by ca 50%. 
An increase of 300% was found in the case of the PD Ho. The increases in lignin-
derived materials are likely to have resulted from the increased vegetative growth 
arising from the fertiliser-N amendments.  
Grazing can result in the deposition to soils of large quantities of urine-N (400 to 
1200 Kg N ha -1), and the effects of urine on changes in DOM compositions are not 
well understood (Rooney et al., 2006). Ho was collected from lysimeter soils amended 
with both fertiliser-N and urine-N. Applications of fertiliser plus urine (F+U) caused 
less Ho losses than the treatment with fertiliser alone,(Table 7.1) but greater than from 
the control. 1H NMR spectra in both D2O and DMSO-d6 solvents show a significant 
decrease in the lignin-derived signal in the Ho isolated from both  F+U treated soils 
(Figure 7.3 and Figure 7.4: B vs. C,  E vs. F).  This correlates well with the semi-
quantitative analysis that suggested a decrease of 70 % (in comparison to the control) 
in the lignin-derived OM signal for the WDS Ho as the result of treatment of the soil 
with F + U. A decrease of 3% was found in the case the PDS Ho as the result of 
similar soil treatment. It is probable that this decrease in C export in the drainage 
water from the F+U treated soils resulted from increased microbial activity in the soil 
from the addition of urine. Under the aerobic conditions that prevailed in the WDS 
F+U, the lignin appears to have undergone greater oxidation. Soil respiration was 
found to be higher from a soil treated with cow urine as the result of an immediate and 
significant increase in microbial metabolic activity (Lovell and Jarvis, 1996). Urine 
contains only small concentrations (0.01%) of soluble carbon (Kishan et al., 1989); 
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however, solubilisation of soil organic C has been shown to take place following urine 
applications (Monaghan and Barraclough, 1993), and that soluble carbon could 
provide substrate for increased microbial metabolism (Lovell and Jarvis, 1996). Soils 
treated with varying concentrations of synthetic sheep urine had greater levels of 
microbial activity than untreated soils (Rooney et al., 2006). Urine deposition has 
been shown to alter substantially soil microbial communities, in terms of bacterial and 
fungal counts and respiration rates (Williams et al., 2000). Differences in microbial 
biomass activity between grassland types are related to differences in substrate 
availability (Bardgett et al., 1998; Williams et al., 2000). A strong correlation between 
N immobilization and C mineralization has been found (Barrett and Burke, 2000). 
Rapid stabilization of N was facilitated by an active microbial community and the 
availability of a readily mineralisable C substrate. It is likely that increased microbial 
activity induced by the addition of urine promoted the decomposition of the lignin-
derived DOC (observed in the NMR spectra in this study) leading to the decrease in 
the DOC concentration in the drainage water.  
 
Conversely, cuticular coatings/leaf waxes are known to be highly recalcitrant and 
to accumulate over time during the degradation of plants (Kelleher et al., 2006). The 
relative contributions from aliphatic components compared to the lignin components 
in the DE-NMR spectra for both PDS and WDS increased with applications of F+U 
(Figure 7.5, C and F, see arrows). That would correspond to an accumulation of 
aliphatic components in the Ho. Such may result from a decrease in the more readily 
degradable fraction (i.e. lignin), resulting in higher concentrations of the ‘less 
digestible’ cuticular fraction in the soil. Treatment of a grassland soil with sheep urine 
was found to have led to an increase in the dead or decomposing root mass from 2.2% 
in the untreated soil (control) to 6.3% in the urine treated soil (Shand et al., 2002). 
They considered that part of the DOC in the soil solution from beneath the urine 
patches came from roots damaged by the high concentrations of ammonia (NH3). That 
could explain the greater contribution of methylene units, possibly from suberin in the 
root material, to the spectra of the Ho isolated from the DW of the soils treated with 
F+U (Figure 7.5: C and F, see arrows). On the other hand, the signals consistent with 
protein/microbial contributions are still dominant in the spectra, expected as both the 
urea and N should stimulate microbial activity. 
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There are similarities in the Ho exported from the control soils. The various 
treatment regimes, however, had greater effects on the PDS. As mentioned, the 
application of fertiliser caused a greater increase in the exports of Ho from the PDS 
(Table 7.1). That could arise, in the case of the poorly drained soil, from the decreased 
aeration that would impede biological oxidation to carbon dioxide (CO2) of the 
increased organic matter (resulting from the application of fertiliser) (McTiernan et 
al., 2001). On the other hand, rapid decomposition of organic materials may have 
taken place in the WDS resulting in the removal of less DOM. 
In contrast, the F+U application caused a decrease in the Ho from both the PDS 
and from the WDS, in comparison to the application of fertiliser alone. That could 
have arisen from increased microbial activity as a result of the urine additions, leading 
to a greater metabolism of the SOM and leaving less material available to contribute 
to the DOM.  
In summary, the main effects of the varying treatment regimes on the Ho 
composition from both soils are still not completely resolved. The contribution of 
lignin components (peak labelled Lig or 6) increased with applications of fertiliser 
and decreased with fertiliser plus urine addition. The most likely causes of the effects 
is that the F+U applications lead to an increase in microbial activity causing microbial 
utilisation of the more degradable lignin components. Irrespective of the causes of 
these changes, it appears land management practices significantly alter the 
composition of dissolved organic matter released into drainage water.   
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Figure 7.4.1H NMR spectra for Ho in DMSO- d6, differing by soil and treatment. (A), WDS Control; (B), WDS Fertiliser; (C), WDS 
Fertiliser + Urine; (D), PDS Control; (E), PDS Fertiliser; and (F), PDS Fertiliser + Urine. Assignments are the same as given in Figure 
7.3.  
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Figure 7.5. Diffusion edited 1H NMR spectra for Ho in DMSO- d6, differing by soil and treatment.  (A), WDS Control; (B), WDS 
Fertiliser; (C), WDS Fertiliser + Urine; (D), PDS Control; (E), PDS Fertiliser; and (F), PDS Fertiliser + Urine. Assignments are the 
same as shown in Figure 7.3 in addition to WC/L, which refers to waxes, cutins and/or lipids. More specific assignments shown for 
spectrum D refer to: 1, amide; 2, phenylalanine; 3, aromatics in lignin; 4, anomeric protons in carbohydrates; 5, α-protons (peptides); 6, 
methoxyl (lignin); 7, carbohydrate protons; 8, methylene adjacent to a carbonyl; 9, N-acetyl and/or O-acetyl group in peptidoglycan; 10, 
aliphatic methylene units β to an acid or ester; 11, aliphatic methylene; 12, CH3. Changes in the relative abundances of Lignin OCH3 
and aliphatic methylene are highlighted by the arrows. 
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7.3.3 Agricultural/Environmental Significance  
 
Results from the multidimensional solution-state NMR analysis, indicate that 
the components of Ho in the drainage water of typical Irish grassland soils are 
complex mixtures of both plant and microbial-derived materials. Strong contributions 
from lignin and of peptides/proteins of microbial origins were evident in all spectra.  
Treatment with fertiliser (F) resulted in an increase in the Ho export from both 
the WDS and the PDS, and an increase in the lignin contribution to the compositions 
of the Ho. This is thought to result directly from elevated OM inputs to the soil as the 
result of increased dry matter production through fertilization. Enhanced microbial 
activity is brought about by inputs of labile C (Lovell and Jarvis, 1996). Increased 
microbial activity, stimulated by the addition of urine, could result in a degradation of 
the increased OM input brought about by fertilization. That is reflected by a lower 
lignin contribution to the Ho isolated from the fertiliser and urine treatment.   
The drainage regime affected the responses of each soil to the treatments. The 
decreased aeration in the PDS, compared to the WDS, resulted in a lesser 
decomposition of the increased OM input in the Ho (McTiernan et al., 2001). In 
contrast, the fertiliser plus urine application resulted in a decrease in the Ho from the 
PDS, compared to the treatment with fertiliser alone. A plausible explanation for this 
might be that the urine may have been transported more slowly through the PDS 
resulting in a higher level of microbial activity, increased decomposition, and a lower 
export of Ho. 
Growing concern about climate change has increased interest in the role of DOM 
in the global carbon cycle (Kalbitz and Kaiser, 2008). This study provides further 
information on the extent and composition of the organic C lost from soils through 
transport in drainage water from Irish grassland. Additions of plants with high lignin 
contents have been proposed as a means of building C stocks (Paustian et al., 1997) in 
order to sequester C. Aromatic compounds from lignin are considered to be the most 
stable components of DOM (Kalbitz and Kaiser, 2008). This study indicates, 
however, that the stimulation of microbial activity by the addition of urine decreases 
the recalcitrance of the lignin components.  
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Investigations of the compositions and the extents to which Ho is lost from soils, 
as influenced by management practises and the processes involved, will help our 
understanding of the movement of C between the terrestrial and aquatic environments. 
Such information is important because it provides an insight into an area of the carbon 
cycle about which little is known. 
7.4 Conclusions 
 
Hydrophobic acids (Ho) were isolated from drainage waters and characterised 
using solution state NMR. The main conclusions from this study can be summarised 
as follows: 
1. Multidimensional solution-state NMR analysis indicates that the components of the 
Ho from the drainage water of typical Irish grassland soils are complex mixtures of 
both plant and microbial-derived materials.  
2. Treatment with fertiliser (F) increased the Ho export from both well drained (WDS) 
and  poorly drained (PDS) soils, and increased the lignin contribution to the 
compositions of the Ho. This possibly resulted from elevated OM inputs to the soil as 
the result of increased dry matter production through fertilization. Application of a 
fertiliser plus urine (F+U) mixture resulted in smaller losses of Ho and decreased the 
lignin-derived signal. This is likely to be attributable to an increase in microbial 
activity arising from the urine application.  
3. The drainage regime affected the responses of each soil to the treatments. 
Application of fertiliser caused a greater increase in the exports of Ho from the PDS. 
That reflected the decreased aeration in the PDS, resulting in a lesser decomposition 
of the increased OM input in the HO. The F+U application gave rise to a decrease in 
the Ho from the PDS, compared to the treatment with fertiliser alone. The urine may 
have been transported more slowly through the PDS resulting in a higher level of 
microbial activity, increased decomposition, a lower export of Ho, and a lower lignin 
contribution to the Ho. 
4. Our study suggests that the stimulation of microbial activity by the addition of urine 
decreases the recalcitrance of the lignin components.  
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Chapter 8 Sequential exhaustive extraction of a well drained 
and a poorly drained Irish Grassland soil 
 
8.1 Introduction 
 
Soil organic matter, with its slow turnover of centuries to millennia (Balesdent 
and Mariotti, 1996) provides a relatively stable carbon pool in the global carbon cycle. 
Humic substances (HS) are major components of soil organic matter (SOM) in well-
aerated mineral soils that are adequately supplied with water (Stevenson, 1994; Clapp 
and Kingery, 2005; Hayes et al., 2008). The amount and composition of the SOM is 
controlled by a number of factors such as the soil structure, soil moisture and drainage 
regimes, the climate, the vegetation and the long-term management regime. HS have a 
key role in the stable pool of soil organic matter because any depletion in their 
abundance will generate a large flow of CO2 from the soil to the atmosphere (Song et 
al., 2008). Humin is regarded as the most recalcitrant of the soil organic fractions and 
it persists longest in the soil environment. In the classical definitions humin is the 
fraction of humic substances insoluble in aqueous solutions at any pH value. 
Typically humin constitutes about 50% of the humic substances (HS) in soil 
(Stevenson, 1994). Because of insolubility in the classical aqueous solvent systems 
used for the isolation of soil organic matter components, less is known about humin 
(Rice and MacCarthy, 1992). 
 Dilute sodium hydroxide (0.1 M NaOH), has been used to isolate the Standard 
soil HAs and FAs of the International Humic Substances Society as described by 
Swift (1996). High concentrations of urea are commonly used in biochemistry to 
disrupt non-covalent bonds in proteins (Oh-Ishi and Maeda, 2002). Because urea is a 
proton acceptor it can be used as a hydrogen bond breaker for the extraction of HS, 
and solubilisation of H+-exchanged HS can take place in 5 M urea solution (Clapp and 
Kingery, 2005; Hayes, 2006). Following exhaustive extraction with 0.1 M NaOH, a 
0.1 M NaOH + 6 M urea solution extracted an additional 10% (by mass) organic 
matter from a soil residue that had previously been extracted exhaustively with 0.1 M 
NaOH (Song et al., 2008). De-ashing treatments can be used for the isolation of 
humin from the residues following the exhaustive aqueous extractions (Wang and 
Xing, 2005). For this the residues are subjected to extensive digestion with a mixture 
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of hydrofluoric and hydrochloric acids (Preston and Newman, 1995; Skjemstad, 1994; 
Schmidt, 1997; Wang and Xing, 2005). Wang and Xing (2005) found that de-ashing 
with HF after exhaustive extractions in a NaOH solution effectively lowered ash 
contents of the humin samples and gave only slight changes to their chemical 
structure and sorption properties. Therefore uses of NaOH extraction and subsequent 
HF treatment could be considered as appropriate approaches for humin extraction. 
Recent studies have considered humin to be composed of microbial and plant derived 
components, mainly long-chain aliphatic species (including fatty acids/esters, waxes, 
lipids and cuticular material), carbohydrate, peptides/proteins, lignin derivatives, 
lipoprotein and peptidoglycan (major structural components in bacterial cell walls) 
(Song et al., 2008; Simpson and Hayes, 2007; Song et al., 2011). 
Solid-state nuclear magnetic resonance (NMR) spectroscopy Bloch decay 
(BD/MAS) and cross polarisation magic angle spinning (CP/MAS) has previously 
been used to study  HS and humin (Preston and Newman, 1992; Almendros, 1996; 
Almendros and Dorado, 1981). The use of solid-state 13C NMR spectroscopy is now 
one of the most useful and powerful tools to obtain structural information on HS 
(Wilson and Reuter, 1987; Hatcher and Frazier, 2001; Fernández et al., 2008).  
SOM protection through intimate association with clay particles can provide 
long term stability for carbon sequestration (Qualls, 2004). The stabilisation of OM 
by the soil matrix is a function of the chemical nature of the mineral fraction and of 
its surfaces capable of adsorbing the organic material. The association of organic 
matter in soil with minerals is a controlling factor of C storage in soil (Baldock and 
Skjemstad, 2000).  
The study reported here describes the application of solid state NMR 
techniques to HS and humin isolated from a well drained Brown Podzolic soil and a 
poorly drained Gley under grassland cover. The influences of depth and drainage 
regime on the HS formed are investigated. In addition the mineral components of the 
fine clay from the WDS are examined and their contribution to SOM stability 
proposed. 
8.2 Materials and Methods 
8.2.1 Sources of Samples 
Soil cores from two selected major Irish grassland soil types were installed in 
lysimeters in a pasture field at the Environmental Research Centre (ERC), Johnstown 
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Castle, Wexford, Ireland in 2004 by Teagasc research staff. The soils included a well 
drained Brown Podzolic soil (Haplic Podzol (Anthric)) (FAO, 2007) and a poorly 
drained  Gley (Luvic Stagnosol (Eutric, Siltic)) (FAO, 2007). Depth specific disturbed 
samples of each soil (~2 kg) in increments of 10 cm to a depth of 1m were taken from 
random sides of the lysimeter core trench using a trowel and combined to form 
representative composite samples for organic matter extraction and fractionation 
(Richards, 2011). 
8.2.2 Isolation of the Humic Substances from the Soil 
 
For each soil type, four samples from different depths were selected. These 
included a 0-10 cm, and 10-20 cm. The soil was air-dried and passed through a 2.0 
mm sieve to remove, stones,  plant leaves and roots remnants. Soil (1 kg) was dropped 
to a pH value between 1 and 2 using 1 M HCl at a soil/solution ratio of 1:3. The 
suspension was shaken for 1 h and the supernatant was separated from the residue by 
decantation, after allowing the solution to settle for 12 h. This procedure was repeated 
twice. Distilled water was added to remove the chloride until no AgCl precipitate was 
obtained after addition of an AgNO3 solution.  
8.2.3 Sequential Exhaustive Extraction in Aqueous Base 
 
The soil residue was brought to pH 7 by addition of 0.1 M NaOH and the 
soil/solution ratio was adjusted to 1: 5, and then the soil suspension was shaken for 24 
h. The suspension was allowed to settle for 1 h and the supernatant was collected by 
decantation or centrifugation (9800 g, 30 min), and the supernatant was filtered under 
pressure (69 kPa) through 0.2 µm Sartorius (Goettingen, Germany) cellulose acetate 
membrane filters. Soil residues were exhaustively extracted (8 to 10 times) with the 
same reagent until the supernatant fraction had an absorbance <0.1 at 400 nm. The 
filtrates were pooled.  
After the exhaustive extraction at pH 7 was completed, the pH of the soil 
residue was raised to 10.6 using 0.1 M NaOH and purged with dinitrogen gas. 
Material collected on the filters was added to the residue. The  suspension was shaken 
in a sealed plastic container. The procedure used for extraction at pH 7.0 was 
followed. The pH of soil extract was adjusted to between 7 and 8 using 1 M HCl, and 
the mixture was filtered through 0.2 µm filters. Then the soil residue was extracted 
                  Chapter 8 Sequential Exhaustive Extraction of Irish Grassland Soils 
 
201 
 
exhaustively with 0.1 M NaOH (pH 12.6) under dinitrogen gas following the 
procedure used for the pH 10.6 extract.  This procedure is described as sequential 
exhaustive extraction.   
A base/urea solution of 0.1 M NaOH + 6 M urea was prepared.  NaOH (4.0 g) 
was mixed with urea pellets (360 g). The mixture was dissolved in distilled water and 
made up to a 1 L solution.  After the soil had been extracted exhaustively at pH 7, pH 
10.6 and at pH 12.6, further exhaustive extraction was carried out with the base/urea 
solution following the procedure outlined above. The supernatant was adjusted to 
between pH 7 and 8 using 1 M HCl (to avoid oxidation) and filtered twice (0.2 µm 
membrane).  
8.2.4 Fractionation of the Soil Extracts 
 
Extracts, diluted with distilled water to a concentration (<50 mg L-1) were 
adjusted to pH 2.0 (HCl), left to stand overnight, and then pressure filtered to remove 
any precipitate formed. Filtrates were pumped through XAD-8 and XAD-4 resins in 
tandem, and then two column volumes of 0.01 M HCl was pumped through to ensure 
all of the sample had passed through both columns. Each resin was desalted separately 
with distilled water until effluent conductivities were < 100 µS cm-1. Any coagulated 
unsolubilised material released in the desalting process was collected and added to the 
precipitate (if formed). Back elution was carried out using 0.1 M NaOH and the centre 
cut eluates from XAD-8 were adjusted to pH 1.0. The HAs that precipitated overnight 
were isolated by filtration, suspended in distilled water, dialysed till chloride free, and 
freeze dried to give the HA 1 fraction. Supernatants (FAs at pH 1.0) were desalted, 
using XAD-8 resin and distilled water, until the effluent conductivities were < 100 µS 
cm-1, then the columns were back eluted using 0.1 M NaOH. Effluents were H+-
exchanged (IR-120, H+-form) and eluates were freeze dried to give FA 1. The XAD-4 
resin was desalted, back eluted with 0.1 M NaOH, H+-exchanged, and freeze dried to 
give the XAD-4 acids. 
 The HA precipitate formed at pH 2.0 was redissolved in 0.1 M NaOH, diluted 
with distilled water to a concentration <50 mg L-1, and the pH was adjusted to 2.5. 
Any precipitate formed on standing overnight was recovered by filtration. The filtrate 
was treated as outlined above, yielding HA 2 and FA 2 
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8.2.5 Clay Separation and DMSO/ H2SO4 Organic Solvent Extraction 
 
The organic matter-rich clay from the pressure filter pads from the base/urea 
extraction was collected. The humin components tend to concentrate in the clay/silt 
fractions (Clapp and Hayes, 1999). Thus, when the soils were centrifuged following 
the base-urea extraction process, the recalcitrant humin was concentrated in the dark 
clay/silt surface layer. The clays from the final extraction were recovered on the 
pressure filtration pads as described. The clay was washed with distilled water and 
dialysed to remove the base and urea, then freeze-dried to give a humin after 
urea/base (UHU) sample. Some of this material was treated with 10% hydrofluoric 
acid to dissolve the aluminosilicates, rendering the sample suitable for NMR analyses. 
The remainder of the material was mixed with
 
DMSO + 6% (v/v) H2SO4 (98%) 
(DMSO-H2SO4) (soil/solution ratio 1:10), shaken for 12 hours, then centrifuged (Song 
et al., 2011). This process was repeated until the supernatant was virtually colour free. 
The extract was diluted in distilled water to pH 2; the precipitate formed (DMSO-
humin) was isolated by centrifugation, washed with distilled water, de-ashed with 
10% HF, dialysed, and freeze-dried. The DMSO-insoluble-humin (DIHU) in 
association with clay minerals was de-ashed with 10% HF, dialysed, and freeze dried. 
Using this solvent system up to 77% of the organic carbon in the clay sample could be 
isolated. 
. 
8.2.6 Solid state VACP/MAS 13C NMR spectroscopy 
 
Solid-state NMR spectroscopy was carried out by the C.M.P Byrne using a 
Bruker 600 MHz DMX spectrometer in the laboratory of Prof. Patrick Hatcher, Old 
Dominion University while on a Fulbright Scholarship in the USA. Additional Solid-
state NMR with spectral editing was carried out by Dr. Etelvino Novotny, UL while at 
Embrapa Solos, Rio de Janeiro using a Varian Inova spectrometer (Varian, Palo Alto, 
CA). Samples were packed in a 4 mm-diameter zirconia rotor with a Kel-F cap. Solid 
state VACP/MAS 13C NMR spectroscopy experiments were carried out at 13C and 1H 
frequencies of 100.5 and 400.0 MHz, respectively. Jackobsen 7 mm MAS double 
resonance probe heads were employed. The Variable Amplitude Cross-Polarisation 
with Magic Angle Spinning technique (VACP/MAS) was applied with a contact time 
of 1 ms, a spinning speed of 13 kHz, acquisition times of 13 ms, and recycle delays of 
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500 ms. A subset of samples was selected for spectral editing based on their 
importance. 
8.2.7 X-ray diffraction of Clay Samples 
Based on the method of  Stemmer et al., (1998), with modifications, the clay 
fraction 
can be isolated by the centrifugation method. The soil suspension (350 g soil/ 1000 ml 
water) was dispersed by ultrasonic agitation (Ultrasonic bath for 15 min). Coarse sand 
(2000-200 mm) and fine sand (200- 63 mm) were separated by manual wet sieving 
(No. 230 mesh size) with 4000 ml of distilled water. To purify the sand fraction, the 
sieve was rinsed again with a greater volume of water. To separate silt-sized particles 
(63-2 µm) from clay (< 2  µm), the remaining suspension was poured into 250-ml 
centrifuge bottles and centrifuged at 15 °C at approximately 150 g  for 2.0 min. After 
resuspension of the pellets in a small amount of water, the suspension was transferred 
into a centrifuge bottle, filled up with cooled water and recentrifuged at 150 g for 2.0 
min at 15 oC. This procedure was repeated a few times to decrease the clay content of 
the silt size fraction. To obtain the clay-sized fraction, all supernatants were poured 
into six 250-ml centrifuge bottles and centrifuged at 3900 g for 30 min at 15°C. This 
centrifugal force leads to sedimentation of clay size particles down to 0.1 µm 
according to an equispherical diameter and a particle density of 2.65 g/cm3. Re-
suspended pellets were recentrifuged in a bottle under the same conditions. 
Supernatants consisted of very fine clay, inorganic colloids and dissolved organic 
matter; these were collected and passed through 0.2 µm membrane to obtain the fine 
clay fraction. 
X-ray diffraction (XRD) is the most common technique used to study the 
characteristics of crystalline structure and to determine the mineralogy of finer 
grained sediments, especially clays. Angles of diffraction are distinctive for a 
particular mineral and help to identify the mineral. Intensities of diffraction maxima 
are related to the number of corresponding diffraction planes in a sample and provide 
a basis for the estimation of concentrations of the mineral species present (Jangra et 
al., 2010). For the analysis of clay samples, X-ray powder diffraction is often used as 
the clay samples are in the form of a microcrystalline powder. Samples (40 mg) were 
packed in sample containers and the XRD analysis was performed using a Philips 
X’PERT PRO MPD model diffractometer with Cu as the anode material using CuKα 
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radiations at 40 KV and 35 mA in a continuous scanning mode over a range of 2 ° 
to 70 ° based on a method by Marszalek et al., (2008) with modifications. Relative 
mineral content in the clays was semi-quantitatively estimated on the basis of XRD 
peak intensities by assuming the relative proportion of the minerals of the samples 
normalized to 100% and the same proportionality between the peak intensity and the 
content for each mineral. 
8.3 Results and Discussion 
8.3.1 Humic Fractions 
 
The CP/MAS spectra of humic acids, fulvic acids and XAD-4 acids from 
WDS 0-10 cm depth are shown in Figure 8.1 to Figure 8.4.The resonance bands were: 
0-45 ppm (alkyl C), 45-65 ppm (methoxyl and amino), 65-110 ppm (carbohydrate, 
ether, alcohol functionalities), 110-140 ppm (aromatic C), 140-160 ppm (O-aromatic 
C), 160-190 ppm (acid, ester, amide functionalities), 190-220 ppm (carbaldehyde, 
ketone). The spectra have signals for alkyl C (23, 29 ppm), O-alkyl C (56,72 ppm), di-
O-alkyl (100-105 ppm), carboxyl (160-180 ppm), and aromatic C (110-140 ppm). 
Some O-substituted aromatic carbon (140-160 ppm) could be derived from lignin 
units. In the aliphatic C region, the peaks at about 23 and 29 ppm are from terminal 
methyl groups and from methylene carbons in aliphatic rings or chains. In the 
oxygenated aliphtatic region, the peak at 56 ppm can be assigned to the methoxyl 
associated with lignin and lignin-like material as revealed also in the corresponding 
DD spectra, and N-alkyl (α-C of most amino acids) from protein/peptides. The peak at 
72 ppm can be attributed to polysaccharide structures, and the peak at 100-105 ppm 
indicates anomeric C (di-O-alkyl) in carbohydrates. A doublet O-aryl signal near 150 
ppm with the great aryl C peak near 130 ppm, with a small signal near 115ppm, as 
well as the resonances at 56 ppm, are characteristic of lignin-derived units, indicating 
the aryl-C contribution in the sample is largely from lignin and lignin-like units.  
The CP/MAS spectra of humic acids, fulvic acids and XAD-4 acid from WDS 
0-10 cm depth are isolated at pH 7.0 are shown in Figure 8.1. From Chapter 6 it can 
been seen that the spectra highlight compositional differences between the FA, HA, 
and XAD-4 acid fractions.  The peak at 56 ppm can be assigned to methoxyl 
associated with lignin and lignin-like material as revealed also in the corresponding 
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DD spectra, and N–alkyl (α-C of most amino acids) from protein/ peptides. The signal 
at 56 ppm was greatly attenuated in the DD spectra because only mobile methoxyl C 
(and not protonated N–alkyl in protein/peptides) survived (Song et al., 2008). This 
would indicate that there are contributions from amino acids in this region. The FA 1 
is strongly aromatic, with a lower degree of aromatic substitution than the 
corresponding HAs (see Figure 8.1, c and d). There is strong carboxyl resonance 
suggesting that the FA1 is highly oxidised. FA 2 from pH 7, isolated at pH 2.5, is 
shown in Figure 8.1, b and is very similar with FA 1. The OCH3 peak, the doublet O–
aryl signal near 150 ppm, with the great aryl C peak near 130 ppm, indicate that the 
FA 2 contains lignin contributions. The spectrum of HA 1 isolated from pH 7 (Figure 
8.1, c) shows prominent peaks in the HAs spectrum at 56, 130 and 151 ppm and the 
doublet at around 151 ppm indicate definite origins from lignin or lignin-derived 
materials (Hatcher, 1987).  Contributions from O-aromatic signals in FA 1 were much 
less than for HA 1 and the DD spectrum (Figure 8.1, a) indicates that most of the 
aromatic components in the FA 1 had more hydrogen substituents, indicating the 
greater contribution of lignin to the HA 1. HA 2 (Figure 8.1, d) is the HA isolated at 
pH 2.5 and contains significant lignin signals, this may indicate a lower level of 
humification in HA 2 compared to HA 1. HA 2 also contained a higher contribution 
of hydrophobic alkyl hydrocarbon functionalities which may have contributed to the 
association and precipitation of HA 2 (Hayes et al., 2008).  Figure 8.1, e is the 
spectrum obtained for the hydrophilic, XAD-4 acid fraction isolated at pH 7. It is a 
simple spectrum, very different from the FAs and HAs. There is little aromaticity and 
the signals are predominantly carbohydrate.  
There are significant differences in the NMR spectra for the HA and FA acid 
fractions from the extracts of pH 7, 10.6 and at 12.6 (Figure 8.1, Figure 8.2, Figure 
8.3). The major differences between the spectra are in the aromatic (110-140 ppm) 
and O-substituted aromatic (140-160 ppm) resonances. Aromaticities for the pH 7.0 
fractions are much less than for the corresponding pH 10.6 and pH 12.6 fractions and 
the DD spectra indicate that most of the aromatic components in the pH 7.0 fractions 
had more hydrogen substituents. As the pH of the extractant was increased the 
evidence for the contributions of lignin and lignin-derived material increased. A well 
resolved methoxyl C peak is indicative of lignin remnants and of lignin oxidation 
products (Malcolm, 1990). This resonance is especially prominent for lignin; it is 
characteristic of HS in the early stages of humification (Hayes and Malcolm, 2001).   
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Prominent peaks at 56, 130, and 151 ppm and the doublet at around 151 ppm indicate 
definite contributions from lignin or lignin-derived material (Hatcher, 1987), and the 
intensity of these signals increased as the pH of the extractant increased. That would 
indicate a lower degree of humification for the material isolated at the higher pHs, and 
greater contributions from altered lignin materials (Hayes and Malcolm, 2001; Hayes 
et al., 2008) compared to the material isolated at pH 7.0, which would have undergone 
the most transformation. 
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Figure 8.1: 13 C NMR  CP-MAS, DD and CSA spectra for the humic fractions isolated from the well drained grassland soil (WDS) from 
the 0-10 cm depth at pH 7.0 : a) FA 1; b) FA 2; c) HA 1; d) HA 2; e) XAD-4 acid.  
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Figure 8.2: 13 C NMR  CP-MAS, DD and CSA spectra for the humic fractions isolated from the well drained grassland soil (WDS) from 
the 0-10 cm depth at pH 10.6: a) FA 1; b) FA 2; c) HA 1; d) HA 2. 
 
 
Figure 8.3: 13 C NMR  CP-MAS, DD and CSA spectra for the humic fractions isolated from the well drained grassland soil (WDS) from 
the 0-10 cm depth at pH 12.6: a) FA 1; b) FA 2; c) HA 1; d) HA 2 
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Figure 8.4: 13 C NMR  CP-MAS, DD and CSA spectra for the humic fractions isolated from the well drained grassland soil (WDS) from 
the 0-10 cm depth using 0.1 M NaOH and 6 M urea: a) FA 1; b) HA 1. 
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Figure 8.5: 13 C NMR  CP-MAS, DD and CSA spectra for the humic fractions isolated from the well drained grassland soil (WDS) from 
the 10-20 cm depth: a) FA1 pH 7.0; b) FA1 pH 10.6; c) FA1 pH 12.6; d) HA1 pH 12.6; e) HA2 pH 12.6. 
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There are important similarities between the spectrum of the FA isolated in 
base/urea (Figure 8.4, a) and the FAs isolated at pH 7.0, 10.6 and 12.6 (Figure 8.1, a; 
Figure 8.2. a; Error! Reference source not found.Figure 8.3, a). In classical 
defintitions the base/urea extracted FA would be regarded as humin material. 
However, the similarities between the spectra suggest that the inclusion of urea 
released fulvic acid held by hydrogen bonding, and/or perhaps by steric constraints 
within the humic matrix (Song et al., 2008). The FA isolated in the urea system has 
closer similarities with the FA isolated at pH 12.6 than those isolated at pH 7.0. 
Aromaticity was least in the urea FA and the DD spectrum suggests considerable 
hydrogen substitution in the aromatic structures. The carbohydrate content was large, 
as seen by the significant peaks at ~72 ppm and 105 ppm. The urea HA (Figure 8.4, 
b), on the other hand, was different from the HAs isolated from the NaOH solutions at 
the various pH values. The CP and DD spectra indicate that long-chain aliphatic 
hydrocarbon functionalities are the major contributors to the compositions of the HA 
extracted in the base/urea system. The large peak at 30 ppm may be due to mobile or 
amorphous polymethylene in long-chain aliphatic groups such as waxes, lipids, cutins, 
suberans etc. However this fraction more closely resembled the HA isolated at pH 
12.6 than it did the humin after urea. These are in the range of humin materials in the 
conventional definitions, but are likely to be part of HAs and FAs trapped or 
selectively preserved in the soil humin matrix. 
FA 1 (Figure 8.5, a-c) isolated at the lower depth of 10-20cm differed from the 
corresponding counterparts from the surface soil (0-10cm depth). The surface FAs 
(Figure 8.1 to Figure 8.3, a) had a slightly greater methoxyl signal at 56 ppm 
signifying greater contributions from lignin to the surface fraction, where as the lower 
depth FAs had slightly less lignin signals and stronger aliphatic resonance indicating 
that this material is more highly humified than the FAs extracted from the upper layer. 
The surface layer (0-10 cm) would receive a greater input of fresh plant contributions 
than the lower depth which is probably the reason for the lower degree of 
humification and stronger lignin signals in the surface FA 1s. The situation is the 
same when comparisons are drawn between the HAs isolated from the lower depth. 
HA 1 at pH 12.6 (Figure 8.5, d) has stronger aliphatic resonance and less methoxyl 
and O-aromatic resonance than the corresponding HA 1 (Figure 8.3, c) from the 
surface soil. HA 2 at pH 12.6 from the lower depth (Figure 8.5, e) is very different 
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from the surface HA 2 (Figure 8.3, d). It is largely carbohydrate, with little 
aromaticity and contains some aliphatic resonance. The methoxyl signal is greatly 
attenuted in the DD spectra, suggesting that the peak at 56 ppm is likely to arise from 
peptide functionalities.  
8.3.2 Effect of Drainage 
 
When comparisons are made between the humic fractions isolated from the 
well drained soil (Figure 8.1 to Figure 8.5) and with those isolated from a poorly 
drained soil (to Figure 8.11), it can be seen that the humic fractions in the PDS are 
less humified than those from the well drained soil. Lignin signals are stronger in the 
PDS with more significant methoxyl peaks, greater O-aromatic resonance, and greater 
aromatic substitution. This lower level of humification, could arise in the case of the 
poorly drained soil, from the decreased aeration that would impede biological 
oxidation to carbon dioxide of the organic matter input (McTiernan et al., 2001). On 
the other hand, rapid decomposition of organic matter input may have taken place in 
the WDS as a result of better aeration due to the drainage profile.  
The differences between HAs extracted using the 0.1 M NaOH solvent system of 
increasing pH and finally with 0.1 M NaOH and 6 M Urea is clear in Figure 8.6. As 
the pH of the extractant increases the contribution of lignin and lignin-dervied signals 
increases as seen previously for the WDS fractions, indicating that the material 
isolated at the higher pH values is younger and less humified. The fractions isolated at 
the lower depth (10-20 cm) in the PDS were more humified, with less lignin signals, 
than those isolated from the surface soil (0-10cm) as was the case in the WDS.  
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Figure 8.6: 13 C NMR  CP-MAS spectra for the humic fractions isolated from the 
poorly  drained grassland soil (PDS) from the 0-10 cm depth: a) HA1 pH 7.0; b) 
HA1 pH 10.6; c) HA1 pH 12.6; d) HA1 0.1 M NaOH + 6 M urea. 
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Figure 8.7: 13 C NMR  CP-MAS spectra for the humic fractions isolated from the poorly  drained grassland soil (PDS) from the 0-10 cm 
depth at pH 7.0 : a) FA 1; b) FA 2; c) HA 1; d) HA 2. 
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Figure 8.8: : 13 C NMR  CP-MAS spectra for the humic fractions isolated from the poorly  drained grassland soil (PDS) from the 0-10 
cm depth at pH 10.6 : a) HA 1; b) HA 2. 
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Figure 8.9: : 13 C NMR  CP-MAS spectra for the humic fractions isolated from the poorly  drained grassland soil (PDS) from the 0-10 
cm depth at pH 12.6: a) FA 1; b) FA 2; c) HA 1; d) HA 2. 
                  Chapter 8 Sequential Exhaustive Extraction of Irish Grassland Soils 
 
217 
 
 
Figure 8.10: : 13 C NMR  CP-MAS spectra for the humic fractions isolated from the poorly  drained grassland soil (PDS) from the 0-10 
cm depth using 0.1 M NaOH + 6 M urea : a) FA 1; b) HA 1; c) HA 2. 
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Figure 8.11: : 13 C NMR  CP-MAS spectra for the humic fractions isolated from the poorly  drained grassland soil (PDS) from the 10-20 
cm depth: a) HA 1; b) HA 2; c) FA 1; from pH 7.0 extract and d) HA 1 from pH 10.6 extract. 
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8.3.3 Humin 
Fine clay was isolated from the WDS prior to extraction and the CPMAS 
NMR spectrum for this is shown in (Figure 8.12, a). It was found to have an organic 
carbon content of approximately 30%. There are strong aliphatic signals and it can be 
seen that the main-chain CH2 groups are composed of both amorphous chains (29 
ppm) and crystalline chains (32 ppm) (Hu and Schmidt-Rohr, 2000). The signals 
around 72 and 105 ppm, together with signals at 65, 80 and 90 ppm are assigned to 
polysaccharides (Kögel-Knabner, 2002).  However, signals of ethers and alcohols 
may also contribute to these signals. The resonances around 175 ppm are derived 
from carboxylic, amide, or ester C in various compounds. The aromatic region (100-
160 ppm) is characterised by broad signals around 130 ppm, whereas the intensity of 
the signals around 150 ppm, mainly assignable to phenolic C and indicating the 
presence of lignin units, is low. This reveals that lignin units, even highly altered 
units, did not make a major contribution to the components of the SOM. The peak at 
56 ppm may originate from methoxyl groups in lignin, but could be derived from N-
substituted alkyl C in amino-acids (Kahle et al., 2003).  
Fine clay was isolated from the WDS after exhaustive extraction with NaOH 
and then with NaOH and Urea. The organic carbon content of this insoluble residue 
was found to be 15.5 % indicating that NaOH and NaOH + Urea solvent system had 
extracted almost 48% of the organic carbon for the fine clay fraction. The organic 
matter associated with this residual fine clay is classified as humin as it was found to 
be insoluble in aqueous media at any pH, including 0.1 M NaOH + 6 M urea. This is 
referred to as Humin after Urea extraction (UHU). Figure 8.12, b shows the spectrum 
obtained for the WDS UHU (this sample is discussed further in Chapter 10, humin 
spectra for the PDS are discussed in Chapter 9). A major component of humin is one 
that contains paraffinic carbons and is thought to be derived from algal or microbial 
sources (Hatcher et al., 1985). A major peak in the humin spectra is that of paraffinic 
carbons at 30 ppm.  These structures probably have the major fraction of the carboxyl 
or amide groups (peak at 175 ppm) associated with them (Hatcher et al., 1985). 
Proteinaceous substances could also be responsible for signals in the 0-50 ppm region 
of 13C NMR spectra (Hatcher et al., 1985). Resonances at 56 ppm (methoxyl of lignin) 
are low and those in the O-aromatic (142-156 ppm) region are absent, indicating the 
small contributions from lignin to the humin. The resonances centred at 56 ppm are 
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more likely to arise from α-carbons in peptide/protein (Simpson et al., 2007; Kelleher 
et al., 2006; Kelleher and Simpson, 2006). There are visible differences when 
comparisons are made with Figure 8.12, a the spectrum obtained for the fine clay 
fraction before extraction. The humin spectrum is dominated by aliphatic signals, with 
little aromaticity. There is evidence for carbohydrates and this is confirmed by a 
strong anomeric signal, as highlighted by CSA; the carbohydrate signal is less, 
however, than that of the pre-extraction clay.  
A mixture of DMSO + 6% H2SO4 (v/v) was used to solubilize the most 
recalcitrant humin materials. The VACP/MAS NMR spectrum of the DMSO humin is 
shown in Figure 8.13, c. The material following DMSO extraction is the DMSO 
insoluble humin (DIHU), Figure 8.13, d. The organic carbon of this material was 
found to be 6.9%, indicating that this solvent system isolated a further 50% of the OC 
from the clay following extraction with NaOH and the base/urea system. A total of 
77% of the OC was isolated using the combined solvent systems. Although the 
spectrum for the DMSO is not of good quality, it is comparable to that of the DIHU. 
The predominant resonances at 15-45 ppm emphasise the aliphatic hydrocarbon 
nature of these humin fractions (Song et al., 2011). Again the similarities between this 
extract and the UHU and DIHU are evident, indicating that this extract is 
representative of residual humin material following exhaustive extraction with an 
aqueous and organic solvent system. The DIHU spectrum is dominated by strong 
resonances from the terminal methyl and from the polymethylene carbons of aliphatic 
species (0–46 ppm). The major peak at 30 ppm indicates long-chain aliphatic 
structures. This alkyl carbon in humin could be derived from selectively preserved 
plant polyesters of cutin and other aliphatic biopolymers during the humification 
process.  Note the small peak of methoxyl, or N–alkyl from peptides at 56 ppm, and 
the contribution from carbohydrate at 72 ppm (confirmed by the anomeric carbon 
resonance at 105 ppm). Clay-humin associations can preserve ordinarily labile 
components, such as carbohydrates and proteinaceous material (Song et al., 2008). 
There is a relatively small aromatic carbon content at 110–140 ppm, and clear 
resonances from carboxylic, esters, amide carbons at 172 ppm. The DMSO humin and 
DIHU fractions have features similar to other humin fractions that have been 
previously described (Preston and Newman, 1995; Hatcher et al., 1980; Fabbri et al., 
1998; Hu et al., 2000; Wang and Xing, 2005; Song et al., 2008; Song et al., 2011). 
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Figure 8.13 shows the humin after urea (UHU) isolated at 10-20cm and 90-
100cm from the WDS. Insignificant amounts of HA and FA were isolated from the 
90-100 cm depth. Humin was the dominant fraction at this depth, indicating that 
humin will most likely be the fraction that persists over time. The intensity of the 
aliphatic peak does not decrease with depth, indicating that this component of humin 
is relatively stable to decomposition compared to aromatic carbons.  It is certainly 
more stable than the polysaccharides whose peaks show a decrease in relative 
abundance with depth (Hatcher et al., 1985). 
 
Figure 8.12: 13 C NMR  CP-MAS, DD and CSA spectra for the humin fractions 
isolated from the well drained grassland soil (WDS) from the 0-10 cm depth: a) 
Fine clay before extraction; b) Urea Humin (UHU): Humin isolated following 
exhaustive extraction with 0.1 M NaOH and 0.1 M NaOH + 6 M urea; c) DMSO 
Humin (DMSO-HU): Humin extracted in the 94% DMSO + 6% concd H2SO4 
solvent system; d) DMSO insoluble Humin (DIHU): residual material from the 
PDS after exhaustive extraction with 94% DMSO + 6% concd H2SO4. 
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Figure 8.13: 13 C NMR  CP-MAS spectra for the Humin isolated following 
exhaustive extraction with 0.1 M NaOH and 0.1 M NaOH + 6 M urea (UHU) 
from the well drained grassland soil (WDS): a)10-20 cm depth; b) 90-100 cm 
depth 
8.3.4 X-ray diffraction  
 
Clay minerals and clay colloids are the products of the advanced weathering of 
primary silicates. These are comprised mainly of silica and alumina, often containing 
alkali and alkaline earth metals and iron. They have the ability to exchange or bind 
cations and anions and are capable of complex formation with a wide variety of 
organic molecules. Clays are comprised of the two structural units depicted in Figure 
8.14. One unit consists of two planes of oxygens or hydroxyls between which 
aluminium, magnesium, or iron atoms are octahedrally coordinated. The second main 
structural unit consists of silica tetrahedral that are arranged in a hexagonal formation 
that repeats indefinitely. In clay minerals these sheets combine to form different 
structural units. In 1:1 layer clays, one tetrahedral sheet combines with one 
octrahedral sheet. In 2:1 layers clays an octrahedral sheet is sandwiched between two 
tetrahedral sheets (Chilom and Rice, 2009). 
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Figure 8.14. Structural units of clay minerals: 1) octrahedral sheet; 2) 
tetrahedral sheet. (Grim, 1968; Chilom and Rice, 2009). 
 
 The SOM protection through intimate association with clay particles can 
provide long term stability for carbon sequestration (Qualls, 2004). The stabilisation 
of organic material by soil matrix is a function of the chemical nature of the mineral 
fraction and of its surfaces capable of adsorbing the organic material. The association 
of organic matter in soil with minerals is a controlling factor of C storage in soil 
(Baldock and Skjemstad, 2000). With physicochemical protection, biochemical attack 
of SOC is inhibited by organomineral interactions at molecular to millimeter scales. 
Stabilization of otherwise decomposable SOC can occur via sorption to soil surfaces, 
complexation with soil minerals, occlusion within aggregates, and deposition in pores 
inaccessible to decomposers and extracellular enzymes (Jastrow et al., 2007). 
The transformation of plant residues into stabilised clay humic complexes is 
the main process which regulates soil quality and determines soils to be a net sink and 
source of carbon (Gonzalez and Laird, 2003). They found while studying the 
distribution of newly formed humic materials into minerologically distinct clay size 
fractions on a silt loam soil that new humic materials were preferentially accumulated 
on smectite surfaces. Jangra et al., (2010) found that the predominance of illite and 
montmorillonite in the clay could play an important role in soil carbon stability. 
Interactions between soil minerals and SOC may lead to stabilization of SOC 
by entrapment in soil micro-pores (Baldock and Skjemstad, 2000) and by 
intermolecular interactions between SOC and the surface of clay particles and Fe and 
Al (hydr-) oxides (Basile-Doelsch et al., 2007). Relatively labile organic compounds 
(e.g., microbial byproducts), as well as humified C, can be protected by strong 
chemical associations with soil minerals. Sorption occurs via a variety of 
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organomineral associations, such as polyvalent cation bridges, hydrogen bonding, van 
der Waals forces, and interactions with hydrous oxides and aluminosilicates (Jastrow 
et al., 2007). In soils dominated by 2:1 clay minerals, such as smectite and illite, 
complexation is believed to occur via the formation of multivalent cation bridges 
between negatively charged organic groups and negatively charged clay platelets. In 
contrast, for soils dominated by 1:1 clays (kaolinite) and iron- and aluminum-oxides, 
surface-charge densities are generally lower and offer fewer sites for complexation 
with organics (Jastrow et al., 2007).The relative importance of different clay minerals 
for stabilizing SOC remains an open question. The current knowledge is based on 
limited and conflicting data, but it is usually accepted that the SOC stabilizing 
capacity of clay minerals decreases in the following order: smectite > illite > kaolinite 
(Basile-Doelsch et al., 2005; Bruun et al., 2010). 
Clay minerals were identified using Powder X-ray Diffraction. Figure 8.15, A 
displays the X-ray diffraction patterns of the whole clay fraction from the surface soil 
(0-10 cm) of the WDS. This clay fraction is dominated by quartz with lesser amounts 
of smectite, illite and montmorillonite. The lower depths of 90-100 cm, Figure 8.15, b, 
contained greater evidence for contributions from clay-size minerals and is dominated 
by quartz, with significant contributions from saponite (smectite), illite and kaolinite. 
In this soil, the predominance of saponite (smectite) and illite could play an important 
role in soil carbon stability. The OM associated with the clays in this soil, the humin 
after urea (UHU) were found to be rich in aliphatic structures. Wattel-Koekkoek et al. 
(2001) analyzed the clay-associated organic matter of kaolinite- and smectite-rich 
soils and found that the associated OM with the clays was dominated by aliphatic 
components that were not extractable by NaOH and Na4P2O7.  
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Figure 8.15. X-ray diffraction patterns of the whole clay fraction from: a), the 
surface soil (0-10 cm); and b), the 90-100 cm layer of the well drained grassland 
soil (WDS). Major peak positions include (I/S) smectite and randomly 
interstratisfied illite and smectite, (I) illite, (Q) quartz, (S) saponite (smectite), 
(K) kaolinite and (M) montmorillonite. 
 
8.4 Conclusions 
A comprehensive sequential extraction procedure isolated HAs and FAs and 
humin fractions from a well drained and a poorly grassland soil. The highly oxidized 
components were concentrated in HAs isolated at pH 7, and lignin-derived 
components were concentrated in HAs isolated at pH 12.6. The HAs isolated at pH 
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12.6 had lignin derived materials as major structural components, and there was 
significant lignin-derived material in the FAs isolated at pH 12.6. In classical 
definitions the base/urea extracted FA would be regarded as humin material. 
However, the similarities between this spectrum and those of the fractions isolated at 
pH 7.0, 10.6 and 12.6 suggest that the inclusion of urea released fulvic acid held by 
hydrogen bonding, and/or perhaps by steric constraints within the humic matrix (Song 
et al., 2008). The FA isolated in the urea system has closer similarities with the FA 
isolated at pH 12.6 than those isolated at pH 7.0. This fraction more closely resembled 
the FA isolated at pH 12.6 than it did the humin after urea. These are in the range of 
humin materials in the conventional definitions, but are likely to be part HAs and FAs 
trapped or selectively preserved in the soil humin matrix. 
 Solid-state NMR spectra shown that the humin materials are composed of 
microbial and plant derived components. The techniques used clearly show that 
humin can be isolated from soil and give materials amenable to detailed 
compositional studies by means of solid-state NMR spectroscopy. Differences in the 
composition of humin as depth down the soil profile is increased were noted. This 
highlights how humin, the most recalcitrant form of SOC, may vary with soil depth. 
The humic fractions isolated from the sub-surface depths (10-20 cm) in both 
soils were more highly humified that the corresponding fractions from the surface 
soil, possibly due to the fresh input of fresh organic substrate in the surface layers. In 
the PDS a lower level of humification was observed in the humic fractions compared 
to the WDS. This may be due to the decreased aeration in the PDS that would impede 
biological oxidation to carbon dioxide of the organic matter input. In the WDS rapid 
decomposition of organic matter input may have taken place as a result of better 
aeration due to the drainage profile. Also in the WDS the predominance of saponite 
(smectite) and illite could play an important role in soil carbon stability in this soil. 
This study demonstrates the variation that is found between humic fractions at 
different depths within the same soil profile. Differences are also revealed between 
HS isolated from the same depth, using the same procedures, in soils with different 
drainage regimes, highlighting the influence of soil drainage on how C is stored in the 
soil. This suggests that a number of factors, such as soil type, drainage regime and soil 
depth,  must be considered when investigating how C is stored in stable forms in the 
soil. 
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Chapter 9 Studies of Humin from a Grassland Soil using 
Solid State and High Resolution Magic Angle Spinning 
(HR/MAS) Nuclear Magnetic Resonance Spectroscopy.  
 
 
9.1 Introduction  
 
In the classical definitions humin is the fraction of humic substances (HS) that is 
insoluble in traditional aqueous alkaline solvents. In these definitions HS are 
considered to be the components of soil organic matter (SOM) that are formed from 
the biological and chemical transformations of plant and animal debris (Hayes and 
Swift, 1978; Stevenson, 1994; Aiken et al., 1985) but do not contain untransformed 
residues such as carbohydrates and peptides that are not covalently linked to the 
humic core. Humin can represent more than 50% of the organic carbon in mineral 
soils (Kononova, 1966) and more than 70% of that in lithified sediments (Hedges and 
Keil, 1995). In the generalised biogeochemical carbon cycle, humin is at the point in 
the cycle where organic carbon (C) produced in the biosphere becomes a part of the 
geosphere. A part of this transition is the removal of the more labile components of 
the organic C input into soils or sediments. Consequently, humin is generally 
considered to be the oldest (Rice, 2001) of the three humic fractions and is the humic 
fraction that is insoluble in water at all pH values. It is regarded as the most 
recalcitrant soil organic fraction and thus remains longest in the soil environment 
(Simpson et al., 2007b). In mineral soils humin components have intimate 
associations with the soil inorganic colloids (Stevenson, 1994; Clapp and Hayes, 
1999); hence it is difficult both to isolate and to analyse by conventional wet chemical 
analyses (Rice and MacCarthy, 1992; Hatcher et al., 1985). This recalcitrant organic 
material contributes to the stable carbon pool in soils and is important for the global 
carbon budget. 
Mild solvents are normally used to avoid chemical alterations of humic 
substances. Dilute sodium hydroxide (0.1 M NaOH), has been used to isolate the 
Standard soil HAs and FAs of the International Humic Substances Society (IHSS; 
http://www.ihss.gatech.edu/ Chemical Properties of IHSS Samples), as described by 
Swift (1996). High concentrations of urea are commonly used in biochemistry to 
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disrupt non-covalent bonds in proteins (Oh-Ishi and Maeda, 2002). Because urea is a 
proton acceptor it can be used as a hydrogen bond breaker for the extraction of HS, 
and solubilisation of H+-exchanged HS can take place in 5 M urea solution (Clapp et 
al., 2005; Hayes, 2006). Following exhaustive extraction with 0.1 M NaOH, a 0.1 M 
NaOH + 6 M urea solution extracted an additional 10% (by mass) organic matter from 
a soil residue that had previously been extracted exhaustively with 0.1 M NaOH (Song 
et al., 2008). De-ashing treatments can be used for the isolation of humin from the 
residues following the exhaustive aqueous extractions (Wang and Xing, 2005). For 
this the residues are subjected to extensive digestion with a mixture of hydrofluoric 
and hydrochloric acids (Preston and Newman, 1995; Skjemstad et al., 1994; Schmidt 
et al., 1997; Wang and Xing, 2005). Wang and Xing (2005) found that de-ashing with 
HF after exhaustive extractions in a NaOH solution effectively lowered ash contents 
of the humin samples and gave only slight changes to their chemical structure and 
sorption properties. Therefore uses of NaOH extraction and subsequent HF treatment 
could be considered as appropriate approaches for humin extraction.  
 It is clear from the review of literature in Song et al. (2008) that the chemical 
composition of this most recalcitrant fraction of SOM was at that time far from 
resolved. They stated, for example, that humin had previously been described as ‘high 
molecular weight, polymeric’, a ‘humic acid-clay complex’, a ‘humic acid intimately 
associated with inorganic soil colloids’, a ‘lignoprotein’, a ‘melanin’, or as ‘plant and 
fungal residues in varying stages of decomposition’. Uses of modern analytical 
technologies have led to new proposals as models for humin. These proposals include 
an organo-mineral composite (Malekani et al., 1997); selectively preserved, straight-
chain, microbial biopolymers, and apolar substances physically encapsulated by weak 
forces and by covalent bonds (Lichtfouse, 1999), and a partial supramolecular 
composition of trapped aliphatic hydrocarbons, proteins, covalently-bound fatty acids, 
and trapped fatty acids and/or esters (Burdon, 2001; Piccolo, 2001; Simpson, 2002; 
Guignard et al., 2005). More recent studies have considered humin to be composed of 
microbial and plant derived components, mainly long-chain aliphatic species 
(including fatty acids/esters, waxes, lipids and cuticular material), carbohydrate, 
peptides/proteins, lignin derivatives, lipoprotein and peptidoglycan (major structural 
components in bacterial cell walls) (Song et al., 2008; Simpson et al., 2007b; Song et 
al., 2011). 
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Solid-state nuclear magnetic resonance (NMR) spectroscopy Bloch decay 
(BD/MAS) and cross polarisation magic angle spinning (CP/MAS) has previously 
been used to study humin (Preston and Newman, 1992; Almendros, 1996; Almendros 
et al., 1981). Hatcher et al. (1980) used CP/MAS 13C NMR to study humin and 
concluded that a repeating aliphatic structural unit, possibly attributable to branched 
and cross-linked algal or microbial lipids, was common to both sediment and soil 
humin samples. Humin becomes enriched in these aliphatic substances because of 
their selective preservation, due to their hydrophobic character, during organic matter 
diagenesis (Hatcher et al., 1983).  
The use of solid-state 13C NMR spectroscopy is now one of the most useful and 
powerful tools to obtain structural information on HS (Wilson et al., 1987; Hatcher et 
al., 2001; Fernández et al., 2008). However, 13C CPMAS solid-state NMR 
spectroscopy gives broader resonances than those observed for materials in solution 
and 1H spectra in solid state are featureless. This can be attributed to chemical shift 
anisotropy and to the lack of molecular motion. The technique of 1H high-resolution 
magic angle spinning (HR/MAS) permits the analysis of materials that swell, become 
partially soluble, or form true solutions in a solvent, even when some solids are still 
present (Keifer et al., 1996). Materials, following swelling in DMSO, have enhanced 
molecular mobility, and magic angle spinning aids in the removal or minimisation of 
chemical shift anisotropy, dipole-dipole interactions, and magnetic susceptibility line 
broadening (Keifer et al., 1996; Millis et al., 1997; Stark et al., 2000; Fang et al., 
2001). Solvent is added to the analyte, and following swelling, the constituents in 
contact with the solvent become NMR visible. The application of this HR/MAS NMR 
spectroscopy technique, in combination with solid-state 13C NMR spectroscopy, 
allows detailed through-bond connectivities and assignments to be made. The 
application of HR/MAS allows a range of solution state experiments to be carried out, 
and the additional structural information so obtained cannot be provided from solid 
state spectra alone. HR/MAS has been applied to a whole soil isolated from a highly 
leached Podzolic forest soil (Simpson et al., 2001). A combination of one- and two-
dimensional techniques identified fatty acids aliphatic esters, and ethers/alcohols as 
the prominent species at the solid aqueous interface of the soil with signals also from 
sugars and amino acids. Little aromatic resonance was observed when the soil was 
swollen in aqueous media, although such signals were observed when DMSO-d6 was 
used as the swelling solvent. That would suggest that the soil aromatic moieties are 
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protected in hydrophobic regions. HR/MAS NMR has also been applied to study the 
sorption on clay surfaces of synthetic and naturally occurring compounds (Simpson et 
al., 2006). It was noted that of the organic materials observable by 1H HR/MAS, 
aliphatic hydrocarbon components were preferentially sorbed by the clays, whereas 
carbohydrates and amino acids remained in the supernatant. That may explain the 
highly aliphatic un-functionalised nature of organic matter associated with clay 
fractions in natural soils and sediments. HR/MAS has also been applied in structural 
studies of plant polymers (Stark et al., 2000; Simpson et al., 2003a; Deshmukh et al., 
2003; Deshmukh et al., 2005; Simpson et al., 2003b).  
The study reported here describes the application of solid state and HR/MAS 
NMR techniques to a humin isolated from a well drained Brown Podzolic soil under 
grassland cover. Previous studies have utilised solution-state NMR to analyse humin 
extracts isolated using a mixture of DMSO + 6% (v/v) H2SO4 (Simpson et al., 2007b; 
Song et al., 2008). A whole humin sample was used in the present study. The humin 
was isolated when the mineral matter in the residual colloidal materials, following 
exhaustive extractions of the soil in NaOH and urea solutions, was dissolved in 
hydrofluoric acid (HF).  
 
9.2 Material and Methods 
9.2.1 Source of sample 
 
A well drained Brown Podzolic grassland soil (WDS) from Clonakilty, Co. 
Cork, Ireland (Position: 51º38'19''N, 08º54'44''W) was first H+-exchanged with 1 M 
HCl.  Details of the extraction procedure are outlined in Chapter 5. Briefly, residual 
acid was removed by continuous washing with distilled water until chloride free, and 
the pH of the H+-exchanged soil was in the 4-5 range. The soil was repeatedly 
extracted with 0.1 M NaOH at pH 7 until the absorbance at 400 nm of the extract was 
less than 0.1. Then the process was repeated at pH 10.6, and finally with 0.1 M NaOH 
(pH 12.6). Exhaustive extraction was then carried out in the same way using 0.1 M 
NaOH + 6 M urea (base/urea). An atmosphere of dinitrogen gas was used for 
extractions at pH 10.6 and above. Extracts were centrifuged (10,000 g, 30 minutes), 
the supernatant was adjusted to pH 7–8 (1 M HCl), and filtered twice (under pressure, 
137 kPa from compressed air) through a 0.2-µm cellulose acetate membrane. The 
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organic matter-rich clay from the pressure filter pads was collected, and returned to 
the bulk medium for the next base/urea extraction. The clays from the final extraction 
were recovered on the pressure filtration pads as described. The clay was washed with 
distilled water and dialysed to remove the base and urea, then freeze-dried, to give 
humin after extraction with base + urea (UHU). This clay material was treated with 
10% hydrofluoric acid to dissolve the aluminosilicates. The residual material was 
washed with water, dialysed, and freeze dried, to give a humin sample suitable for 
NMR analyses. The clay-OC content was determined before and after the extractions 
using the Walkley Black procedure (Walkley and Black, 1934; Allison, 1965) as 
described in Chapter 5. 
9.2.2  Solid state NMR spectroscopy 
 
Solid state VACP/MAS 13C NMR spectroscopy experiments were carried out 
using a Varian Inova spectrometer (Varian, Palo Alto, CA) at 13C and 1H frequencies 
of 100.5 and 400.0 MHz, respectively. Jackobsen 7 mm MAS double resonance probe 
heads were employed. The Variable Amplitude Cross-Polarisation with Magic Angle 
Spinning technique (VACP/MAS) was applied with a contact time of 1 ms, a spinning 
speed of 13 kHz, acquisition times of 13 ms, and recycle delays of 500 ms. The 
Dipolar Dephasing (DD) experiment was carried out with a dipolar dephasing time of 
67 ms in order to distinguish between protonated C in rigid structures and non-
protonated or mobile carbons. Due to coupling between 13C and neighbouring 1H, the 
signals of C species with strong dipolar interactions will vanish after the dipolar 
dephasing time, while those of C species with weak dipolar interactions will still be 
visible in the spectrum (Song et al., 2008; Opella and Frey, 1979; Knicker et al., 2005; 
Song et al., 2011).  
The CSA experiments were carried out according to the procedure suggested by 
(Mao and Schmidt-Rohr, 2004) using a five-pulse CSA dephasing filter, and four-
pulse Total Suppression of Spinning Sidebands (TOSS). To ensure a uniform 
inversion of different 13C nuclei, conventional pi pulses were replaced by composite 
pulses in both TOSS and CSA filter pulse sequences (Novotny et al. 2006). High 
power 1H Two-Pulse Phase Modulation (TPPM) decoupling of 80 kHz was applied in 
all experiments. Free induction decays were acquired with a sweep width of 50 kHz 
and the number of scans was variable (minimal 4096 scans) according to the 
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signal/noise ratio obtained. The spectra were apodised through multiplication with an 
exponential decay corresponding to 50 Hz line broadening in the transformed 
spectrum. Further details are outlined in Chapter 5. 
 
9.2.3 High Resolution Magic Angle Spinning (HR/MAS) NMR spectroscopy  
 
Samples (~30 mg) were swollen in DMSO-d6 and packed for analysis into a 4 
mm Zirconia HRMAS rotor with a Kel-F cap. NMR experiments were carried out on 
a Bruker 600 MHz DMX spectrometer fitted with a 4-mm inverse 1H-13C HRMAS 
probe equipped with a Z gradient. Full experimental details are described in Chapter 
5. All spectra were obtained using a 9 kHz spinning speed. Proton spectra were 
collected with composite pulse presaturation using 256 scans, 25 ppm sweep width, 
and 2 s recycle delays. A T2 filter was created with a CPMG sequence, with 
presaturation, to create a delay of 60 µs, to help reduce baseline role. TOCSY {256 
scans, TD (F1) 1024, TD (F2)} were acquired using time proportional phase 
incrementation (TPPI), and a mixing time of 50 ms. HSQC {196 scans, TD (F1) 1024, 
TD (F2) 512, J1 (1H–13C) 145 Hz} were acquired using sensitivity enhancement and 
gradients for coherence selection with decoupling during acquisition. All the two-
dimensional datasets were processed using sine-squared functions with phase shifts of 
90 in both dimensions (Deshmukh et al., 2005).  
9.3  Results and Discussion 
 
The humin fraction is known to be strongly associated with clays (Simpson et 
al., 2007b; Stevenson, 1994; Clapp and Hayes, 1999). Prior to extraction the clay 
fraction had an OC content of 30%. When the soil was centrifuged following the base-
urea extraction process, the recalcitrant humin was concentrated in the dark clay 
surface layer. The OC content of this humin material after extraction with base + urea 
(UHU) was 15.5%, indicating that the extraction process utilising the NaOH (at pH 
7.0, 10.6 and 12.6) and 0.1 M NaOH + 6 M urea solvent systems had isolated ~48% of 
the OC from the clay fraction. Thus the bulk (52%) of the OC was still associated 
with the clay following the exhaustive extraction with the base and base-urea systems.  
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9.3.1 Solid state NMR spectroscopy 
 
 Solid state 13C NMR spectroscopy has wide applications for studies of carbon 
functionalities in insoluble samples. The resonances are broader than those observed 
for materials in solution, mainly as a result of chemical shift anisotropy and the lack 
of molecular motion (Deshmukh et al., 2005). The spectra from both the BD/MAS 
and VACP/MAS NMR experiments (Figure 9.1) show broad resonances, exhibiting 
four major types of organic functionalities: aliphatic, carbons adjacent to O or N (such 
as carbohydrates, amino acids, esters, alcohols, etc.), aromatics, and 
carboxyl/aliphatic amides (Kaiser et al., 2003).  
Figure 9.1. CP/MAS (A) and Bloch decay (B) 13C NMR of the humin material 
after extraction with base + urea (UHU) isolated from a well drained grassland 
surface soil (0-10 cm) (WDS) with terminal CH3 groups and a large peak from 
main-chain CH2 which is composed of amorphous chains and crystalline chains. 
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Figure 9.2.HRMAS 1H NMR spectrum the humin material after extraction with 
base + urea (UHU) isolated from a well drained grassland surface soil (0-10 cm) 
(WDS), swollen in DMSO-d6. Regions in the 1H HR/MAS can be defined broadly 
as: (i), mainly aromatic and amide (Simpson et al., 2001); (ii), signals from 
numerous moieties including carbohydrate, peptides, lignins (Simpson et al., 
2001); (iii), aliphatic signals (Deshmukh et al., 2003).  
 
Both spectra are dominated by strong resonances attributable to the terminal 
methyl and polymethylene carbon of aliphatic hydrocarbon species (0-46ppm) as was 
discussed in Chapter 8. Aliphatic hydrocarbon resonances have previously been noted 
in the 13C NMR spectra of humin (Hatcher et al., 1985). In the aliphatic region (0-46 
ppm) of the BD spectrum the two sharp peaks are assigned to amorphous 
polymethylene carbons (29 ppm) and crystalline polymethylene carbon chains (32 
ppm) (Hu et al., 2000). These polymethylene groups probably arose from long-chain 
fatty acids, as indicated by the evident carboxyl signal; however, partially oxidised 
carbohydrates to glucuronic acids, cannot be excluded. Microorganisms degrade labile 
fractions in plant residues to CO2, and the resistant components are stabilised as HS in 
soils and sediments by a process described as “selective preservation” of resistant 
biomolecules (Derenne and Lageau, 2001). Studies on organic matter in soils and 
sediments, as well as fossil fuels, have shown that the most resistant components are 
rich in long-chain polymethylenic functional groups (Deshmukh et al., 2005). In 
terrestrial systems, these aliphatic hydrocarbon components are believed to be derived 
from aliphatic biopolymers such as cutin or suberin, the protective layers of higher 
(i) (ii) 
(iii) 
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terrestrial plants (Kolattukudy, 1980). These aliphatic components may be selectively 
enriched during humification because of their resistance to microbial and chemical 
degradations (Kang et al., 2003). It has been shown that the aliphatic hydrocarbon 
content increases with increasing SOM decomposition (Baldock et al., 1997), 
indicating that these components are diagenetically resistant and survive unaltered 
over time (Deshmukh et al., 2005). When cutin components are dominant, the main 
chain methlyene (CH2) signal is generally very large and dominates the spectrum 
(Simpson et al., 2007b; Deshmukh et al., 2005), and the spectrum displays little 
aromaticity. Data from the integration of the peak areas showed the aliphatic content 
to be 81% while the aromatic content was only 19%. Small (14%) contributions from 
carbohydrate (60 -90 ppm) are evident, and the resonance centered at 105 ppm can be 
attributed to the anomeric carbon of carbohydrates. Confirmation of this is evident in 
the VACP/MAS spectrum with chemical shift anisotropy (CSA) spectral editing 
(Novotny et al., 2007), that is able to differentiate aryl and olefin sp2 C from sp3 
anomeric C and the anomeric-C peak at 105 ppm is retained. In the dipolar dephasing 
(DD) experiment the small signal in the 46-59 ppm can be attributed to proteinaceous 
material (N-alkyl) since the aryl and O-aryl region is inconspicuous. Evidence for 
methoxyl C is lacking in the DD sepctrum, excluding the significant contribution of 
lignin residues in this region. Clay-humin associations can preserve ordinarily labile 
compounds such as carbohydrates and proteinaceous materials (Song et al., 2008). 
The mechanism can involve sorption and inclusions or associations in the 
hydrophobic matrix. There is a notable absence of lignin related signals from the 
spectra. Resonances are not evident at 56 ppm (methoxyl of lignin) after DD filtering 
and those in the O-aromatic (142-156 ppm) region are low, indicating the small 
contributions from lignin to the humin.  
 
9.3.2 High Resolution Magic Angle Spinning (HR/MAS) NMR Spectroscopy 
 
The 1H HR/MAS NMR spectrum in DMSO-d6 for the humin material after 
extraction with base + urea (UHU) isolated from a well drained grassland surface soil 
(0-10 cm) (WDS) (Figure 9.2) is dominated by aliphatic signals, and is consistent with 
the presence of aliphatic hydrocarbon chains observed by solid state 13C NMR. 
DMSO-d6 is a highly penetrating solvent that can break hydrogen bonds and enter 
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both the hydrophobic and hydrophilic domains. Swelling the sample in DMSO-d6 can 
disrupt soil aggregates (Hayes and Swift, 1978; Hayes, 1985) and provide information 
on hydrophobic structures that may be physically protected by the arrangement of the 
organic matter under aqueous conditions (Simpson et al., 2001). Regions in the 1H 
HR/MAS can be defined broadly as: (i), aliphatic signals (0-2.5ppm) (Deshmukh et 
al., 2003); (ii), signals from numerous moieties including carbohydrate, peptides, 
lignins (3-6ppm) (Simpson et al., 2001); and (iii), mainly aromatic and amide (6-
8ppm) (Simpson et al., 2001). The aliphatic components can arise from different 
chemical environments including various substituted methylenes; lipoprotein, 
peptidoglycan; long-chain methylene in lipids, waxes, cutin and suberin; and terminal 
CH3 groups. Different sources have been considered for the origins and formation 
pathways of aliphatic moieties in the humin fraction and the contribution of abundant 
aliphatic moieties to the recalcitrant fraction of humin is well recognised (Song et al., 
2008). Main chain methylene signals at ~1.3 ppm are consistent with aliphatic 
structures from plant derived cuticles: cutin and cutan (Deshmukh et al., 2003; 
Deshmukh et al., 2005) and have previously been identified in humic extracts 
(Kelleher and Simpson, 2006; Kelleher et al., 2006). Simpson et al. (2006) studied the 
clay-organic associations in synthetic and natural complexes and found that aliphatic 
acids and methyl esters preferentially bind to clay surfaces. This may be one 
mechanism by which hydrophobic species stemming from plant biopolymers in 
terrestrial environments are selectively preserved and are a prevalent component of 
OM in soils. Broad signals in the 3-5.5 ppm resonance, arise from sugars, amino 
acids, aromatic methoxyl and CH2 units adjacent to ether and ester groups (Simpson 
et al., 2001).  There is little aromaticity although there is some evidence for a 
contribution from lignin in the resonance at ~3.7 ppm from the methoxyl of lignin, but 
this resonance may also be attributable to amino acids. A shoulder on the peak at ~4.4 
ppm could indicate contributions from peptides, and the peak at 2.2 ppm may be from 
lipoprotein (Simpson et al., 2007b). It has been shown that proteins/peptides can also 
exhibit strong associations with clay surfaces (Feng et al., 2005). 
There is considerable overlap in the 1D NMR resonances. However, the 
development of HR/MAS has meant that solution-state multidimensional techniques 
can be applied to soil samples making it possible to confirm the suggested 
assignments using two-dimensional (2-D) NMR experiments, including Heteronuclear 
Single Quantum Coherence (HSQC) and Total Correlation spectroscopy (TOCSY). 2-
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D NMR spectroscopy offers significant advantages for the analyses of complex humic 
structures. Applications of 2-D NMR for studies of natural organic matter (NOM), 
and interpretations of the data have been discussed in the literature (Deshmukh et al., 
2005; Simpson et al., 2001; Simpson, 2001; Cardoza et al., 2004; Kelleher et al., 
2006; Deshmukh et al., 2003; Kaiser et al., 2003). 2-D NMR experiments provide 
increased spectral dispersion as well as additional connectivity information allowing 
detailed assignments of the chemical functionalities and structural components present 
(Lam et al., 2007).  
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Figure 9.3. HRMAS 1H-13C heteronuclear single quantum coherence (HSQC) 
NMR spectrum of the humin material after extraction with base + urea (UHU) 
isolated from a well drained grassland surface soil (0-10 cm) (WDS), swollen in 
DMSO-d6. Major component are identified as (1), CH2 units in fatty acids/ main 
CH2 hydrocarbon chains (Deshmukh et al., 2003; Deshmukh et al., 2005; Kaiser 
et al., 2003); (2), CH2 α to the carbonyl group of esters carboxylic acids 
(Deshmukh et al., 2003; Deshmukh et al., 2005; Kaiser et al., 2003); (3), terminal 
methyl (CH3) groups in polymethylenic chains (Deshmukh et al., 2003; Kaiser et 
al., 2003; Deshmukh et al., 2005) (some of the signal in this region may be due to 
the presence of lipids associated with peptides as lipoproteins (Simpson et al., 
2007b));  (4), CH and CH2 in carbohydrates (Simpson et al., 2007b). 
 
 
Figure 9.3 shows the Heteronuclear Single Quantum Coherence (HSQC) 
spectrum for the humin material after extraction with base + urea (UHU) isolated 
from a well drained grassland surface soil (0-10 cm) (WDS).. The HSQC experiment 
correlates the proton chemical shift with that of the carbon to which it is directly 
attached (Deshmukh et al., 2005). When considered together, the cross-peaks form a 
specific pattern that can be thought of as the “molecular fingerprint” of a specific 
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structure or class of structure (Simpson et al., 2007b). Signals due to aliphatic groups, 
previously seen in NOM are evident, (Deshmukh et al., 2005; Deshmukh et al., 2003; 
Stark et al., 2000), indicating contributions from cuticular inputs to the humin 
fraction. The cross-peak labelled 1 is consistent with methylene units in fatty acids/ 
main chain CH2 in hydrocarbon chains (Deshmukh et al., 2003; Deshmukh et al., 
2005; Kaiser et al., 2003). Cross-peak 2 results from methylenes α to the carbonyl 
group of esters/carboxylic acids (Deshmukh et al., 2003; Deshmukh et al., 2005; 
Kaiser et al., 2003). Terminal methyl (CH3) groups in polymethylenic chains 
(Deshmukh et al., 2003; Kaiser et al., 2003; Deshmukh et al., 2005) are labeled cross-
peak 3. It is important to note that some of the signal in this region may be due to the 
presence of lipids associated with peptides as lipoproteins (Simpson et al., 2007b; 
Song et al., 2008) (as seen at 2.2 ppm in the 1D spectrum, Figure 9.2). However, 
when cuticular components are dominant, the main chain CH2 is generally very large, 
as seen in the 1D spectrum (Figure 9.2), whereas peaks from linkages such as esters or 
ethers are generally small (Deshmukh et al., 2003). There are clear indications for 
carbohydrates signals with cross-peak 4 corresponding to CH2 in carbohydrates (Song 
et al., 2008). The range of chemical functionalities identified from the HSQC NMR 
spectrum have been assigned previously for NOM (Byrne et al., 2010), suggesting 
that the grassland humin sample is composed largely of lipids/cuticular waxes, 
carbohydrates and little aromaticity (Kelleher and Simpson, 2006; Lam et al., 2007; 
Deshmukh et al., 2005; Simpson et al., 2007a; Deshmukh et al., 2003; Simpson et al., 
2007b). This is further supported by the TOCSY data.  
In simple terms HSQC describes the H-C units in a mixture and Total 
Correlation spectroscopy (TOCSY) describes how these units are linked together 
(Simpson et al., 2006). TOCSY is a two dimensional NMR technique that identifies 
through bond couplings between protons in the same spin system. The chemical shifts 
of the interacting protons are obtained by drawing lines: perpendicular to the 
horizontal and vertical axes. A cross-peak describes, in one dimension, the chemical 
shift of a particular set of protons, and in the other, the chemical shift of the protons to 
which they are coupled. Figure 9.4 shows the HR/MAS TOCSY spectrum for the 
humin material after extraction with base + urea (UHU) isolated from a well drained 
grassland surface soil (0-10 cm) (WDS). Ester functionalities can be identified in the 
grassland soil humin. Cross-peak A is from protons on methylenes (CH2) attached to 
the oxygen atom of esters (Deshmukh et al., 2003; Deshmukh et al., 2005). Cross-
               Chapter 9 Studies of Humin using Solid State & High Resolution NMR 
243 
 
peak B could arise from CH2 next to the carbonyl in an ester from waxes. This is 
supported by the 1D HR/MAS spectrum which shows the carbonyl peak favoring the 
ester position at ~172ppm.  This, in addition to the HSQC cross-peaks discussed 
above, provides support for the contribution of cuticular material to the grassland soil 
humin. Couplings from carbohydrates are seen in region C (Kaiser et al., 2003). The 
TOCSY data confirms the presence of aromatic carbons with a cross-peak in region D 
(Deshmukh et al., 2003). These small amounts of aromaticity probably result from the 
presence of lignin derivatives (Simpson et al., 2003a). Further analysis of DMSO 
extracted humin using solution state NMR is discussed in Chapter 10. 
 
Aliphatic 
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Figure 9.4. HRMAS 1H-1H total correlation spectroscopy (TOCSY) NMR 
spectrum of the humin material after extraction with base + urea (UHU) isolated 
from a well drained grassland surface soil (0-10 cm) (WDS), swollen in DMSO-
d6. Assignments are as follows: (A), is from protons on CH2 attached to the 
oxygen atom of esters (Deshmukh et al., 2003; Deshmukh et al., 2005); (B), CH2 
next to a carbonyl in an ester from waxes; (C), couplings from carbohydrates 
(Kaiser et al., 2003); (D), aromatic carbons (Deshmukh et al., 2003). 
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9.4  Conclusions 
 
The humin material isolated following exhaustive extraction with a NaOH and 
a NaOH + urea solvent sequence system (UHU) from a well drained grassland surface 
soil (0-10 cm) (WDS) contained contributions from aliphatic species, composed 
mainly of inputs from cuticular materials, carbohydrates, peptides and lignin. The 
spectra were dominated by signals in the aliphatic region. It has previously been 
shown that aliphatic species in humic and fulvic mixtures preferentially bind to clay 
surfaces (Simpson et al., 2006). Therefore it would appear that the interactions of the 
aliphatic components with the clays are responsible for their preservation in the 
environment. Some information on the structure of humin has been obtained through 
the use of solid state 13C NMR, a technique traditionally used for studies of humin. 
However, additional information about humin compositions has been obtained from 
the data from the HR/MAS NMR technique. The spectra have shown a multiplicity of 
functional groups, with clear evidence for aliphatic hydrocarbon structures, 
carbohydrates and with only small contributions from aromatic structures. Thus the 
data indicate that the major components of the humin are fatty acids, and cuticular 
materials, carbohydrate, peptide, and with only minor contributions from lignin 
components. The dominant species contained long-chain polymethylene 
functionalities. The different functionalities were confirmed by 2-D TOCSY and 
HMQC spectra. The study indicates that HR/MAS NMR is a powerful analytical tool 
for the characterisation of humin, the most recalcitrant form of soil organic matter. 
The research shows that the major components of humin are molecules from plants 
and microorganisms. On that basis humin does not satisfy the classical definition for 
humic substances because it is composed largely of materials that can be shown to be 
largely untransformed components of plants and of microorganisms. 
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Chapter 10 Humin isolated from a Poorly Drained Grassland 
Soil 
 
 
10.1 Introduction 
Globally soil organic matter acts a significant carbon pool. At least 50% of 
soil organic carbon can be categorised as humic substances (Hayes et al., 1989). 
Humin, the most recalcitrant and abundant organic fraction of soils and of sediments, 
is a significant contributor to the stable carbon pool in soils, and is important for the 
global carbon budget. Humin, as described in previous chapters, is the humic fraction 
(which bears no morphological resemblance to the materials of origin, and does not 
include biological molecules that are not covalently linked to the humic matrix) of 
SOM that is insoluble in water at all pH values (Clapp and Hayes, 1999). Because of 
difficulties in isolation and fractionation, the compositions and properties of humin 
have been less extensively studied than those of humic acids, HAs, the SOM fraction 
soluble in base and precipitated in acid, and fulvic acids, FAs, the fraction that is 
soluble in water at all pH values (Rice, 2001; Stevenson, 1994). 
 Humin is commonly recovered when the associated soil minerals are dissolved 
using HF or HF/HCl mixtures. Song et al., (2011) reviewed the solvents utilized 
previously for humic substance and humin isolation. They found that organic solvents, 
such as dimethyl sulfoxide (DMSO), dimethyl formamide (DMF), methyl isobutyl 
ketone (MIBK), acetone, and anhydrous formic acid, have been utilized to isolate 
humic fractions and humin (Rice and MacCarthy, 1992; 1988; Tsutsuki and 
Kuwatsuka, 1992; Spaccini et al., 2000; Clapp and Hayes, 1996). Based on work on 
the salvation parameters need to solvate humic substance carried out by (Hayes, 1985; 
Hayes, 2006; Clapp et al., 2005), Song et al., (2011) decided to use DMSO to isolate 
humin. Because DMSO is a good solvent for cations and neutral molecules, but a poor 
solvent for anions, it is essential to have the humic substances (HS) in the H+-
exchanged form in which they will behave as neutral, or as positively charged 
molecules. Their (Song et al., 2011) approach was to use classical aqueous solvent 
media to isolate the HAs and FAs, and then, following exhaustive extractions of SOM 
in aqueous basic media, to extract the residual materials with base plus urea, and then 
DMSO plus H2SO4 systems. High concentrations of urea are commonly used in 
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biochemistry to disrupt non-covalent bonds in proteins (Oh-Ishi and Maeda, 2002). 
The DMSO + H2SO4 system was chosen because both components can solvate a wide 
range of organic substances with differing polarities. In Chapters 8 and 9 humin 
material was isolated from a well drained grassland soil (WDS) following exhaustive 
extraction with 0.1 M NaOH and 0.1 M NaOH + 6 M urea and then with a mixture of 
DMSO + 6% H2SO4 (v/v). Solid state NMR was used to characterise the humin 
material after base/urea extraction (UHU), the humin material isolated in the DMSO + 
6% H2SO4 solution (DMSO-HU) and the residual humin material that was insoluble 
in the DMSO/H2SO4 (DIHU). High Resolution Magic Angle Spinning NMR 
spectroscopy was used in Chapter 9 to characterise the UHU from a well drained soil. 
All of these humin materials were found to be dominated by signals in the aliphatic 
region, with some carbohydrate and aromatic resonance. Studies using solid-state 
NMR have been utilised to understand the general composition of humin (Almendros 
et al., 1981; Preston and Newman, 1992). In this Chapter solid state NMR was utilised 
to characterise the humin material after base/urea extraction (UHU), the humin 
material isolated in the DMSO + 6% H2SO4 solution (DMSO-HU) and the residual 
humin material that was insoluble in the DMSO/H2SO4 (DIHU) isolated from a 
poorly drained grassland soil (PDS),  representative of  grassland soil type in Ireland. 
The development of the DMSO + H2SO4 extraction system allow the isolation of 
representative “soluble humin” fractions which are amenable to solution-state NMR, 
thus allowing detailed multidimensional NMR experiments to be conducted on the 
humin materials isolated from the PDS. 
 
10.2 Materials and Methods 
10.2.1 Source of Samples 
 
 Samples of a  poorly drained Gley (Luvic Stagnosol (Eutric, Siltic)) (FAO, 2007) 
grassland soil  (PDS) were taken at 0-10 cm and 90-100 cm depths. Details of the soil 
are provided in Table 10.1. The samples were first H+-exchanged with 1 M HCl. 
Residual acid was removed by continuous washing with distilled water until chloride 
free, and the pH of the H+-exchanged soil was in the 4-5 range. Details of the 
extraction method are outlined in Chapter 5.  Briefly, the soil was repeatedly extracted 
with 0.1 M NaOH at pH 7 until the absorbance at 400 nm of the extract was less than 
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0.1. Then the process was repeated at pH 10.6, and finally with 0.1 M NaOH (pH 
12.6). Exhaustive extraction was then carried out in the same way using 0.1 M NaOH 
+ 6 M urea (base/urea). An atmosphere of dinitrogen gas was used for extractions at 
pH 10.6 and above. Extracts were centrifuged (10,000 g, 30 minutes), the supernatant 
was adjusted to pH 7–8 (1 M HCl), and filtered twice (under pressure, 137 kPa from 
compressed air) through a 0.2-µm cellulose acetate membrane. The organic matter-
rich clay from the pressure filter pads was collected, and returned to the bulk medium 
for the next base/urea extraction. The humin components tend to concentrate in the 
clay/silt fractions (Clapp and Hayes, 1999). Thus, when the soils were centrifuged 
following the base-urea extraction process, the recalcitrant humin was concentrated in 
the dark clay/silt surface layer. The clays from the final extraction were recovered on 
the pressure filtration pads as described. The clay was washed with distilled water and 
dialysed to remove the base and urea, then freeze-dried to give a humin after 
urea/base (UHU) sample. Some of this material was treated with 10% hydrofluoric 
acid to dissolve the aluminosilicates, rendering the sample suitable for NMR analyses. 
The remainder of the material was mixed with
 
DMSO + 6% (v/v) H2SO4 (98%) 
(DMSO-H2SO4) (soil/solution ratio 1:10), shaken for 12 hours, then centrifuged (Song 
et al., 2011). This process was repeated until the supernatant was virtually colour free. 
The extract was diluted in distilled water to pH 2; the precipitate formed (DMSO-
humin) was isolated by centrifugation, washed with distilled water, de-ashed with 
10% HF, dialysed, and freeze-dried. The DMSO-insoluble-humin (DIHU) in 
association with clay minerals was de-ashed with 10% HF, dialysed, and freeze dried. 
Using this solvent system up to 77% of the organic carbon in the clay sample could be 
isolated. 
 
Table 10.1. Analyses of the Poorly Drained Soil (PDS). 
 
Depth (cm) Total C Organic C Total N C\N ratio % Sand % Silt % Clay 
0-10 4.36 4.23 0.35 12.5 24.8 35.0 25.2 
90-100 0.11 0.08 0.03 3.7 33.8 36.6 24.3 
 
10.2.2 Solid State NMR 
 
 Variable Amplitude Cross Polarisation with Magic Angle Spinning 13C NMR 
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spectra were obtained on solid samples using a Varian Inova spectrometer at 13C and 
1H frequencies of 100.5 and 400 MHz, respectively. A 7-mm Jackobsen MAS double-
resonance probe was used. The spinning speed was 5 kHz. Typical cross-polarisation 
times of 1 ms, acquisition times of 13 ms, and recycle delays of 500 ms were applied 
(Novotny et al., 2006). Full details are outlined in Chapter 5.  
10.2.3 Solution State NMR 
 
Samples (40 mg) were dissolved in 600 µL DMSO-d6. Samples were analysed using a 
Bruker Avance 500 MHz NMR spectrometer equipped with a 1H-19F-15N-13C 5 mm, 
quadruple resonance inverse probe with actively shielded z-gradient (QXI). 1D 
solution state 1H NMR spectra were obtained with 128 scans, a recycle delay of 2 s, 
16384 time domain points, and an acquisition time of 0.79 s. Heteronuclear multiple 
quantum coherence (HMQC) spectra,  Total correlation spectroscopy (TOCSY) 
spectra, and Nuclear Overhauser Effect Spectroscopy (NOESY) were obtained 
according to the method described in Chapter 5.  
10.3 Results and Discussion 
10.3.1 Solid State NMR 
 
The spectrum (Figure 10.1, a) for the Urea Humin (UHU: Humin isolated 
from the PDS at the surface layer, 0-10 cm, following exhaustive extraction with 0.1 
M NaOH and 0.1 M NaOH + 6 M urea) is dominated by strong resonances attributable 
to the terminal methyl and polymethylene carbon of aliphatic hydrocarbon species (0-
46ppm), with relatively low aromatic C and carboxyl functionalities. Aliphatic 
hydrocarbon resonances have previously been noted in the 13C NMR spectra of humin 
(Hatcher and Szeverenyi, 1985; Song et al., 2008; Song et al., 2011). The resonance at 
32 ppm is normally assigned to crystalline polymethylene (Hu et al., 2000). Studies 
on organic matter in soils and sediments, as well as fossil fuels, have shown that the 
most resistant components are rich in long-chain polymethylenic functional groups 
(Deshmukh et al., 2005), which are believed to be derived from aliphatic biopolymers 
such as cutin or suberin, the protective layers of higher terrestrial plants (Kolattukudy, 
1980). These aliphatic components may be selectively enriched during humification 
because of their resistance to microbial and chemical degradations (Kang et al., 2003). 
Small contributions from carbohydrate (73 ppm) are evident, and the resonance 
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centered at 105 ppm can be attributed to the anomeric carbon of carbohydrates. Clay-
humin associations can preserve ordinarily labile compounds such as carbohydrates 
and proteinaceous materials (Song et al., 2008).  The mechanism can involve sorption 
and inclusions or associations in the hydrophobic matrix. There is a notable absence 
of lignin related signals from the spectra. Resonances at 56 ppm (methoxyl of lignin) 
are low and those in the O-aromatic (142-156 ppm) region are absent, indicating the 
small contributions from lignin to the humin. The resonances centred at 56 ppm are 
more likely to arise from α-carbons in peptide/protein (Kelleher et al., 2006; Kelleher 
and Simpson, 2006; Simpson et al., 2007a). Figure 10.1., b displays the spectrum of 
the DIHU, the residual material from the surface PDS (0-10 cm) after exhaustive 
extraction with 94% DMSO + 6% conc H2SO4 (following exhaustive extraction with 
aqueous solvents and 0.1 M NaOH + 6 M urea). It is very similar in composition to 
UHU, the material isolated following extraction with 0.1 M NaOH + 6 M urea, as seen 
for the well drained soil (WDS) in Chapter 8. The material isolated from the PDS (0-
10 cm) by extraction in 94% DMSO + 6% conc H2SO4 (DMSO-HUMIN), following 
exhaustive extraction with aqueous solvents and 0.1 M NaOH + 6 M urea is shown in 
Figure 10.1, c. The predominant resonances at 15-45 ppm emphasise the aliphatic 
hydrocarbon nature of these humin fractions (Song et al., 2011). Again the similarities 
between this extract and the UHU and DIHU are evident, indicating that this extract is 
representative of residual humin material following exhaustive extraction with an 
aqueous and organic solvent system. This was also evident in the WDS as outlined in 
Chapter 8.The DMSO-HUMIN is soluble in DMSO-d6, rendering this humin sample 
amenable to multidimensional solution state NMR spectroscopy which can lead to an 
understanding of the structural components of humin.  
10.3.2 Solution state NMR  
 
Figure 10.2., a, shows the 1H NMR spectrum in DMSO-d6 for the DMSO-
HUMIN isolated from the poorly drained soil (PDS) at 0-10cm. Major structural 
components present include aromatics, lignin (Lig), carbohydrates (Carb), 
proteins/peptides (P) and aliphatic units. Figure 10.2. b, is the diffusion edited (DE) 
NMR spectrum of the same sample. Signals from larger molecules or rigid molecular 
associations can be further emphasised by the use of diffusion editing. Diffusion 
editing “spatially encodes” molecules at the start and then “refocuses” these at the end 
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of the experiment. Species that diffuse and exhibit a high degree of motion during the 
experiment are not refocused and are essentially gated from the final spectrum 
(Simpson et al., 2007b). Thus the spectrum produced contains only signals from larger 
molecules or rigid molecular associations. Because the majority of the signals remain 
after diffusion editing, it can be considered that the components in the DMSO-
HUMIN are likely to be larger molecules or very stable aggregates (Simpson, 2002; 
Simpson et al., 2007b).   
There is considerable overlap in the 1D NMR resonances but it has been 
possible to confirm the suggested assignments by an array of 2D NMR experiments, 
including HMQC, TOCSY, and NOESY. Applications of 2D NMR for studies of 
natural organic matter (NOM), and interpretations of the data have been discussed 
extensively in the literature (Simpson et al., 2001; Simpson, 2001; Cardoza et al., 
2004). Figure 10.3. V displays the 2D NMR spectra for the DMSO-HUMIN isolated 
from the PDS. The 2D spectra identify a range of chemical functionalities present 
(assignments and references are given in the Figure caption) and suggests that the 
DMSO-HUMIN contains contributions predominantly from protein, lipids/cuticlar 
waxes, carbohydrates and with minor contributions from lignin (Kelleher and 
Simpson, 2006; Lam et al., 2007; Simpson et al., 2007a; Simpson et al., 2007b; 
Deshmukh et al., 2005; Deshmukh et al., 2003).  
Waxes and cutins derived from plants are likely to be preserved because of 
their cross-linked recalcitrant structure, hydrophobicity and associations with clays 
(Simpson et al., 2006; Simpson et al., 2007b). Main chain methylene signals at ~1.3 
ppm are found in aliphatic structures from plant-derived waxes/cuticles (Deshmukh et 
al., 2003) that have previously been identified in humic extracts (Simpson et al., 2003; 
Kelleher et al., 2006; Kelleher and Simpson, 2006), and to contributions from 
microbial lipids (Simpson et al., 2007a).  
When components from cutin predominate, the main chain (CH2) is generally 
very large (Simpson et al., 2007b). When the CH3 peak (~1.0 ppm)  is large relative to 
the methylene peak (~1.3 ppm) it often indicates strong contributions from proteins 
(Song et al., 2008) as the CH3 signal can be from from methylated amino acid side 
chain residues (Simpson et al., 2007a). As the CH3 peak is large relative to the CH2 
peak in Figure 10.2., b, this would indicate contributions from proteins to the DMSO-
HUMIN. Peptides/proteins also contribute to this fraction, clearly indicated by the 
double hump at ~4-4.4 ppm (Simpson et al., 2007b), possibly indicating microbial 
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inputs. Evidence for microbial contributions can be clearly seen by comparing the 
DMSO-HUMIN spectrum Figure 10.2., b, with that obtained for microbial biomass 
(shown in Figure 10.2., c) cultured from a Canadian dark grey Chernozem soil.The 
microbes were cultured in another study in a minimal medium with glucose and 
acetate as carbon sources using a "double spiking approach"(Simpson et al., 2007a) In 
Figure 10.2., c, the region labelled “SC” represents the side-chain resonances from 
proteins and peptides and is thought to act as a “fingerprint” region representing the 
type of peptide/protein present (Simpson et al., 2007a). Peaks in the microbial 
spectrum “SC” region are evident in the DMSO-HUMIN spectrum, further 
highlighting the input of microbial biomass to the DMSO-HUMIN isolated from the 
PDS.  
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Figure 10.1. 13 C NMR  CP-MAS spectra for the humin fractions isolated from 
the poorly drained grassland soil (PDS) from the 0-10 cm depth: a), Humin after 
urea (UHU): Humin isolated following exhaustive extraction with 0.1 M NaOH 
and 0.1 M NaOH + 6 M urea; b), DMSO insoluble Humin (DIHU): residual 
material from the PDS after exhaustive extraction with 94% DMSO + 6% concd 
H2SO4; c), DMSO Humin (DMSO-HU): Humin extracted in the 94% DMSO + 
6% concd H2SO4 solvent system. 
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Figure 10.2. a), 1H NMR spectrum in DMSO-d6 for the DMSO Humin (DMSO-
HU): Humin extracted in the 94% DMSO + 6% concd H2SO4 solvent system 
from the PDS at 0-10 cm; b), Diffusion edited 1H NMR spectrum in DMSO-d6 for 
the the DMSO Humin (DMSO-HU); c), Diffusion edited 1H NMR spectrum in 
DMSO-d6 for Cultured soil microbes (Simpson et al., 2007a); d), Diffusion edited 
1H NMR spectrum in DMSO-d6 for a Lignin standard (organosolv lignin, Sigma 
Aldrich). Assignments include lignin (Lig), carbohydrates (Carb), 
protein/peptides (P), waxes, cuticles and lipids (WC/L), protein/peptide side 
chains (SC), phenylalanine (Phe) and amide (N-H). 
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In the solid state spectra Figure 10.1, c, there was little evidence for the 
contribution of lignin to the DMSO-HUMIN fraction. The same is true for the 
solution state spectrum (Figure 10.2., b). Figure 10.2., d, displays the DE spectrum for 
a lignin standard (organosolv lignin, Sigma Aldrich). The large resonance centered at 
~3.7 ppm is characteristic of the methoxyl of lignin. Comparison of the spectrum for  
DMSO-HUMIN (b) with that of the Organosolv lignin (d) may indicate that the apex 
of the central region of the lignin peak (labelled Lig) in the DMSO-HUMIN is from 
the methoxyl of lignin, superimposed upon carbohydrate contributions (Simpson et 
al., 2007b).  This is also confirmed by the methoxyl signal in the HMQC data (Figure 
8.3, a) and the aromatic resonances from lignin at ~6.3-7 ppm (Lig) in the DMSO-
HUMIN (Figure 10.2., b), partially overlaping with the signal for aromatic residues in 
proteins/peptides. 
 
Figure 10.4. a displays the diffusion edited 1H NMR spectrum in DMSO-d6 for 
DMSO-Humin from 0-10cm depth (a) and that for the lower depth of 90-100cm (b). 
There appears to be greater evidence for microbial contributions to the humin isolated 
from the lower depth (90-100 cm). There are more peaks in the “SC” finger print 
region, a larger CH3 peak, a more significant double hump at 4-4.4 ppm, and a greater 
protein peak at ~7.2 ppm. All of these signals indicate that humin at the lower depth 
(90-100 cm) contains more microbial input that the humin isolated from the surface 
soil (0-10cm).  The surface soil (0-10 cm) displays more carbohydrate resonance. The 
aliphatic peak at 1.3 ppm may contain more contributions from cuticular plant 
components in the surface layer (0-10 cm), due to its size relative to the CH3 peak at 
0.8 ppm. In the 90-100 cm depth the CH3 is relatively greater compared to the 
aliphatic peak at 1.3 ppm indicating greater contributions from microbial inputs. The 
evidence for greater plant contribution to the surface humin (0-10cm) is probably due 
to the input of fresh organic matter through decaying above ground plant biomass and 
root input. It is likely that microbial inputs were the greatest contributors to the humin 
isolated at the lower depths (90-100 cm). 
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Figure 10.3. Various 2D NMR spectra of the DMSO Humin (DMSO-HU): 
Humin extracted in the 94% DMSO + 6% concd H2SO4 solvent system from the 
PDS at 0-10 cm: a), HMQC Spectrum, main assignments can be summarized as 
1, p-hydroxybenzoate aromatics in lignin (Simpson et al., 2004; Kelleher and 
Simpson, 2006); 2, phenylalanine in peptides (Simpson et al., 2007a; Kelleher 
and Simpson, 2006); 3, aromatic lignin units (Kelleher et al., 2006; Simpson et 
al., 2004); 4, methylene units in carbohydrates (Lam et al., 2007; Kelleher and 
Simpson, 2006); 5, α-protons in peptides and proteins (Simpson et al., 2007a; 
Simpson et al., 2007b; Kelleher and Simpson, 2006); 6, methoxyl in lignin 
(Simpson et al., 2004; Simpson et al., 2003; Kelleher and Simpson, 2006); 7, 
aliphatic linkages including signals from various lipids and plant cuticles 
(Simpson et al., 2007b; Simpson et al., 2003; Deshmukh et al., 2003; Deshmukh 
et al., 2005), and side-chain protons in peptides (Kelleher and Simpson, 2006; 
Simpson et al., 2007a); b), is an expanded region of the HMQC. 1, methylene unit 
adjacent to the carbonyl in lipids (including lipoproteins and cutins); 2, 
methylene units in an aliphatic chains β to an acid or ester; 3, methylene units in 
aliphatic chains (Simpson et al., 2003; Simpson et al., 2001; Kelleher et al., 2006; 
Simpson et al., 2007b); 4, methyl groups, a small contribution in this region will 
be from terminal CH3 in lipids, though the majority of signals are from peptides 
(Simpson et al., 2007a; Simpson et al., 2003; Kelleher et al., 2006; Simpson et al., 
2007b); c), is the TOCSY spectrum which supports assignments made from the 
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1D and HMQC spectra. Key assignments: aromatic couplings (Kelleher and 
Simpson, 2006; Simpson et al., 2004); Pamide = amide-αβγ couplings in peptides 
(Simpson et al., 2007b; Kelleher and Simpson, 2006; Simpson et al., 2007a; 
Kingery et al., 2000); Pα; α-protons coupling to amino acid side chains (Simpson 
et al., 2007b; Kelleher and Simpson, 2006; Simpson et al., 2007a; Kingery et al., 
2000); couplings in carbohydrates (Carb) and aliphatic couplings (Simpson et al., 
2003; Kelleher et al., 2006; Deshmukh et al., 2003; Deshmukh et al., 2005); d), is 
the NOESY spectrum that confirms the strong contribution of P, 
peptides/proteins with cross-peaks from α-protons in amino acid side chains.  
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Figure 10.4. a), Diffusion edited 1H NMR spectrum in DMSO-d6 for the DMSO 
Humin (DMSO-HU): Humin extracted in the 94% DMSO + 6% concd H2SO4 
solvent system from the PDS at 0-10 cm; b) Diffusion edited 1H NMR spectrum 
in DMSO-d6 for DMSO-Humin from the 90-100cm depth. Assignments include 
lignin (Lig); carbohydrates (Carb); protein/peptides (P); and waxes, cuticles and 
lipids (WC/L). 
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10.3.3 X-ray Diffraction  
 
 
 
Figure 10.5. X-ray diffraction patterns of the whole clay fraction from: A), the 
surface soil (0-10 cm); and B), the 90-100 cm layer of the PDS. Major peak 
positions include (I/S) smectite and randomly interstratisfied illite and smectite, 
(I) illite, (Q) quartz, (S) saponite (smectite), (K) kaolinite and (M) 
montmorillonite. 
 
As discussed in Chapter 8 X-ray diffraction can be utilised to identify clay 
minerals. Figure 10.5, A displays the X-ray diffraction of the whole clay fraction from 
the surface soil (0-10 cm) of the PDS. These clay fractions are dominated by quartz 
with lesser amounts of smectite, illite and montmorillonite. The lower depths of 90-
100cm, Figure 10.5, B contained greater evidence to the clay mineral fraction from 
quartz, the predominant species, with significant contributions from saponite 
(smectite), illite and kaolinite. In this soil, the predominance of saponite (smectite) 
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and illite could play an important role in soil carbon stability.  As seen in Chapter 8, 
and as evident here also the clay-associated organic matter was dominated by 
aliphatic components. 
 
10.4 Conclusions 
 
A comprehensive sequential, exhaustive extraction procedure was used to 
isolate humin samples from a PDS soil at the surface layer, 0-10cm and at a lower 
depth of 90-100 cm. Solid-state NMR indicated that humin isolated using a 94% 
DMSO + 6% conc H2SO4 solvent system was representative of humin following 
exhaustive extraction with traditional aqueous solvent and with 0.1 M NaOH + 6 M 
urea solvent as introduced by Song et al. (2011). This solvent system resulted in a 
humin sample that could be solubilised in deuterated solvent  rendering it amenable to 
multidimensional solution state NMR spectroscopy. The 2D solution-state NMR 
analysis indicates that humin from a poorly drained Irish grassland soil contains 
contributions predominantly from protein, lipids/cuticlar waxes, carbohydrates and 
with minor contributions from lignin. Humin from the surface soil (0-10cm) shows 
evidence for more plant derived components, while the 90-100cm humin has greater 
microbial inputs. 
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Chapter 11 Transformation of Organic Amendments to 
Humic Substances 
11.1  Introduction  
 
The stable, or passive, pool of soil organic matter (SOM), humic substances 
(HS) and humin are considered to be the humification products having some degree of 
resistance to further degradation. Organic residues, which enter the soil following the 
death of flora and fauna, are the source for SOM formation. Composts, crop residues 
and animal manures have traditionally been applied to soil as a means for maintaining 
and increasing SOM content and related fertility functions (Senesi et al., 2007). HS 
comprise about 60-80% of the SOM (Brady and Weil, 2002). There is a division in 
the scientific community of humic scientists about fundamental aspects of humic 
structures. There appears to be two approaches when looking at the molecular 
structure of HS. The first approach is based on early concepts of structure formed in 
the field of polymer science. This considered HS to be comprised of randomly coiled 
macromolecules that had elongated shapes in basic or low-ionic-strength solutions, 
but became coils in acidic or high-ionic-strength solutions (Stevenson, 1994). The 
second view considers that HS can be regarded as supramolecular associations of self-
assembling heterogeneous and relatively small molecules deriving from the 
degradation and decomposition of dead biological material (Piccolo, 2001; Sutton and 
Sposito, 2005). In arable soils post-harvest residues left in the soil after harvesting the 
crops are the basic source for HS (Adani et al., 2007).  
During the maturation and stabilization of any organic amendment, OM 
mineralisation and humification occur. Humification is the prolonged stabilization of 
organic substances, countering biodegradation and involving plant biopolymers such 
as lignin, cutin and suberin. Preservation of these biopolymers is due to biochemical 
recalcitrance caused by the inherent property of the molecular structure (Kögel-
Knabner, 2002). The chemical composition of plant material is also one of the basic 
factors determining the process of HS formation in soils (Gonet and Debska, 1998; 
Adani et al., 2007). Senesi et al. (1996; 2007) and  Brunetti et al. (2007) have found 
that the chemical and spectroscopic characteristics of the HS-like components of 
organic amendment tend to approach those typical of native soil HS, which indicates 
that the partial decomposition of aliphatic, polypeptide and polysaccharide-like 
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components and the increase of the degree of aromatic ring polycondensation and 
polymerization has occurred. During composting Caricasole et al. (2011; 2010) found 
that a reduction of carbohydrates and an increase of amomatic, phenolic, carboxylic 
and carbonylic C were observed in both the composting substrates and in the 
dissolved organic matter isolated from the composting substrates, which suggested a 
preference by microorganisms for easily degradable C molecules.  
Previous studies have been carried out on the stabilisation of carbon from 
maize in soils because the larger amount of 13C accumulated in maize (a C4 plant) 
than in a C3 crop (Adani and Ricca, 2004; Ludwig et al., 2003; Adani et al., 2006) 
and have found that maize plants residue contain a humic acid (HA) fraction 
possessing recalcitrant compounds that contribute to soil-HA fraction (Adani et al., 
2006). The aim of the study presented in this paper is to gain further insights into the 
transformation of maize crop residues into humic fractions. A calcareous sand was 
amended with maize and an incubation experiment was carried out over 24 months. 
Humic fractions were then isolated using a sequential extraction procedure based on 
different charge density and polarity differences of the humic substances. The 
emphasis is on the extraction and characterisation of the humic substances released 
from the sand incubation experiment with the objective of obtaining detailed 
information about the nature of the humic fractions formed from the humified maize. 
This study contributes to the understanding of how plant residue-C is transformed into 
stable humic material in soil. Adding to residue-C in soil is important to terrestrial and 
global C accounting, as returning higher amounts of crop residues to soil has 
increasingly positive effect on soil C (Rasmussen et al., 1998; Adani et al., 2007). 
 
 
11.2 Material and Methods 
 
11.2.1  Sand and experimental design 
 
Air-dried maize (Zea mays L.) was chopped, ground, and blended to less than 
4 mm. A calcareous sand (38% CaCO3/MgCO3) medium, free from organic carbon, 
was taken at depth in a sand dune at the Doonbeg, Co. Clare, Ireland (Lat 52° 45.487' 
N, Long 9° 29.82' W) , where perennial ryegrass (Lolium perennae L.)  was the 
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climax vegetation. The sand (20 kg) was mixed thoroughly with 3.6 kg of the maize 
residue (18% by dry weigh) and NPK (10-10-10) fertilizer (200 g). A sample of an 
agricultural soil was shaken with water, and the supernatant used as an inoculant. 
Incubation took place in the laboratory in the dark at 20 ± 2ºC for 24 months. The 
experiment was kept moist, stirred and watered regularly (~5-7 days) to keep soil 
microorganisms active and to keep soil moisture at ca. 20% (w/w).  
11.2.2 Sample Extraction and Fractionation 
 
A sample of the sand-maize incubation material (SMI) (1 kg) was taken 12 
months and after 24 months after the start of incubation. The mixture was treated 
repeatedly with 1 M HCl until effervescence had ceased, indicating that carbonates 
were removed, and the organic components were H+-exchanged. Excess acid was 
washed out with copious amounts of distilled water till the filtrate was chloride free 
(AgNO3 test). Aqueous sodium hydroxide (0.1 M NaOH) was the stock solvent. The 
acid-treated SMI material in 0.1 M NaOH (1 litre, adjusted to pH 7.0) was extracted 
for 24 hours, then centrifuged at 10,000 g for 20 minutes, and the supernatant was 
pressure filtered (0.2 mm cellulose acetate membrane). The residual material was 
exhaustively extracted with the same reagent until the supernatant fraction had an 
absorbance <0.1 at 400 nm. The filtrates were pooled. The residual material was 
further exhaustively extracted in the same way at pH 10.6 using 0.1 M NaOH under 
N2. Recovery of the extracted material was as described above. Finally, the residual 
material was exhaustively extracted (under N2 gas) using 0.1 M NaOH at pH 12.6. 
Prior to filtration the pH values of the extracts at pH 10.6 and 12.6 were adjusted to 
pH 7–8 to avoid sample oxidation in the basic media (Hayes et al., 2008). In the 
sample taken after 12 months, it was observed that, after centrifugation, the 
supernatant was colourless in the case of the pH 7 extract, and had little colour at pH 
10.6 indicating that no humic substances (HS) soluble at the lower pHs had formed 
indicating a low degree of humification.  
The procedure of the International Humic Substances Society (IHSS) was used 
for the isolation of humic and fulvic acids (Swift, 1996). For this the pH of the filtrate 
(from extraction at pH 12.6) was adjusted to 1 (6 M HCl) to precipitate the humic 
acids. These were left to coagulate for about 14 hours at 4°C, then recovered by 
centrifugation, dialysed against distilled water until chloride free, and freeze dried. 
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(The HCl/HF treatment as used for the isolation of IHSS Standards was not used 
because it gives rise to significant losses of materials during dialysis.) The supernatant 
(fulvic acid fraction) was applied to a column of XAD-8 ((poly) methylmethacrylate) 
resin (Rohm & Haas, 1981) packed in 0.01 M HCl, and distilled water was passed 
through the resin till the conductivity of the effluent was < 250 mS cm-1. Then the 
column was back-eluted with 0.1 M NaOH, the eluate was hydrogen-ion exchanged 
by passing through IR-120 (polystyrene sulphonate) resin, and freeze-dried (Hayes et 
al., 2008). Full details of all experimental methods are provided in Chapter 5.  
11.2.3 Sample Characterisation  
 
11.2.3.1 Elemental and δ13C analyses 
 
Carbon, nitrogen, hydrogen content and δ13C values were measured on an 
elemental analyser (Carlo Erba, model NA 1500) and a stable isotope ratio mass 
spectrometer (Fisons, Optima model) continuous flow system in the laboratory of 
C.E. Clapp using the procedure outlined in Hayes et al., (2008). Results of the isotope 
analyses are expressed in terms of δ values (‰): δ13C = (Rsample/Rstandard -1) × 
1000, where R = ratio of 13C/12C. The δ13C values were calculated relative to the Pee 
Dee Beleminite (PDB) as an original standard. Urea with a δ13C value of -l8.2%, or a 
humic acids standard from IHSS served as working standards for accurately weighted 
solid samples of ca. 1-2 mg. Samples were run in triplicate and the mean value was 
recorded. 
11.2.3.2 Cation Exchange Capacity 
Aqueous potentiometric titrations provide significant information about acidic 
functionalities in HS. Cation exchange capacity (CEC) is the total sum of 
exchangeable cations. CEC values increase as the pH of the aqueous media is raised 
and weakly dissociable groups ionise. The majority of carboxyl groups are ionised 
below pH 7. In the intermediate region ionisation of weak carboxyl and strongly 
activated phenolic groups overlap. Beyond this, (pH values of >8), dissociation of 
phenolic and enolic groups dominate (Stevenson, 1994). The contribution of phenols 
is greatest in newly formed HS, especially in those with origins in the lignins. The 
titration procedure used was based on that described by Häusler and Hayes (1996). 
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11.2.3.3 Carbohydrate analyses 
 
The procedure is based on that originally described by Blakeney et al. (1983) 
and used, with minor alterations, by Hayes et al. (2008). Samples were run in 
triplicate and the mean value was recorded. Briefly, trifluoroacetic acid (TFA) was 
used in the hydrolysis, the sugars released were reduced to the alditols, and the alditol 
acetate derivatives were formed. The internal standard was myo-inositol (50 ml of a 1 
mg ml-1 solution). The derivatized samples were analysed by gas chromatography. 
Standard solutions for rhamnose, fucose, arabinose, xylose, mannose, galactose and 
glucose were prepared by dissolving 100 mg of sample in 100 ml distilled water. 
Recovery of the standards, after TFA hydrolysis, ranged from 95 to 110%. 
 
11.2.3.4 Amino acid analyses 
 
Amino acids analyses were based on the procedure described by Turnell and 
Cooper (1982), and as used, with minor modifications by Hayes et al. (2008). 
Samples were run in triplicate and the mean value was recorded. Amino acids were 
released by hydrolysis in 6 M HCl at 110°C (sealed tubes), and ophthalaldehyde was 
the derivatization reagent. Derivatized samples were injected into a Gilson gradient 
high-performance liquid chromatography (HPLC) system, and detected witha 
scanning fluorescence detector. Quantification used norvaline as the internal standard. 
Verification standards were run, and the precision on replicate analyses was greater 
than 3%.  
 
11.2.3.5 Fourier Transform Infrared Spectroscopy 
 
Infrared spectra were obtained on freeze-dried samples as Potassium bromide 
(KBr) pellets using a Bomen FTIR (model Amwen/32, Canada) spectrometer 
scanning from 4,000 to 400 cm-1, averaging 20 scans at 1.0 cm-1 intervals and with a 
resolution of 4.0 cm-1. The procedure a modification of that described by Leenheer et 
al., (2007).  
 
 
11.2.3.6 Solid state VACP/MAS 13C NMR spectroscopy 
 
Solid-state NMR spectroscopy was carried using a Varian Inova spectrometer 
(Varian, Palo Alto, CA). Samples were packed in a 4 mm-diameter zirconia rotor with 
_Chapter 11 Transformations of Organic Amendments to Humic Substances 
 
272 
 
a Kel-F cap. Solid state VACP/MAS 13C NMR spectroscopy experiments were 
carried out at 13C and 1H frequencies of 100.5 and 400.0 MHz, respectively. 
Jackobsen 7 mm MAS double resonance probe heads were employed. The Variable 
Amplitude Cross-Polarisation with Magic Angle Spinning technique (VACP/MAS) 
was applied with a contact time of 1 ms, a spinning speed of 13 kHz, acquisition times 
of 13 ms, and recycle delays of 500 ms.  
 
11.3 Results and Discussion 
11.3.1 Isotope analyses δ13C  
 
The natural 13C abundance of maize can be used to examine the degree of 
organic C derived from decomposed maize in the HS formed in the incubation study. 
The principal of this natural labelling is based on the differences in the 13C/12C ratio 
between plants with the C3 photosynthetic pathway in which the mean δ13C is -27 ‰ 
and plants with the C4 pathway such as maize in which the mean δ13C is -12 ‰. 
Isotopic analyses δ13C data are shown in Table 11.1 and suggest inputs of C from 
non-maize sources, possibly CO2 in the air or from incorporation of C from the 
CaCO3 in the sand. Differences in the δ13C values of the fractions isolated could 
indicate selective enrichment with some plant components, or could perhaps be 
related to biological synthesis or transformation processes (Hayes et al., 2008). The 
FA was found to be less enriched (greater negative number) in 13C than HA. This is 
contrary to what has been previously found for humic fractions of soil (Hayes et al., 
2008). 
 
Table 11.1. Isotopic analyses data for HA and FA isolated from the sand-maize 
incubation sample after 12 months using 0.1 M NaOH at pH 10.6 and 12.6.  
 
Sample δ13C‰ 
HA pH 12.6 -17.41 
FA pH 12.6 -20.88 
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11.3.2  Cation Exchange Capacity CEC 
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Figure 11.1. Cation  exchange capacity for the HA and FA isolated from the 
sand-maize incubation sample after 12 months using 0.1 M NaOH at pH 12.6.  
 
Up to 80% of the soil CEC may be due to soil organic matter (Stevenson, 
1994). HS are weak polyelectrolytes containing many carbonyl, phenolic, enolic and 
amide groups. The acidity of HS is considered to be mainly derived from carboxyl 
and phenolic functional groups. Aqueous potentiometric titrations provide significant 
information about acidic functionalities in HS. CEC values increase as the pH of the 
aqueous media is raised and weakly dissociable groups ionise. The majority of 
carboxyl groups are ionised below pH 7. In the intermediate region ionisation of weak 
carboxyl and strongly activated phenolic groups overlap. Beyond this, (pH values of > 
8), dissociation of phenolic and enolic groups dominate (Stevenson, 1994). The 
contribution of phenols is greatest in newly formed HS, especially in those with 
origins in the lignin. The acidity characteristics of the FA were greater than that of the 
HA (Figure 11.1). The CEC value of the FA was high in the pH range 8 to 11. The 
major contributors to the acidity of the FA below pH 7 are carboxylic groups. 
However, for pH values >7, the weak acidic groups contributed more to the acidity of 
the FA than that of the HA. That would indicate that weak acidic functionalities 
dominate in the FA fraction. These results are consistent with the FA containing more 
acidic and highly oxidised functional groups than the HA.  
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11.3.3 FT-IR Spectroscopy 
 
 
Figure 11.2.Fourier Transform Infra Red (FT-IR) stacked pectra the HA and FA 
isolated from the sand-maize incubation sample after 12 months using 0.1 M 
NaOH at 12.6.  
 
The Fourier Transform Infra Red (FT-IR) Spectra for the HA and FA isolated 
at pH 12.6 are shown in Figure 11.2. Both spectra display a broad absorption band at 
~3350 cm-1, attributable to O-H stretching in the H-bonded OH groups. Absorption 
bands at 2934 cm-1, characteristic of aliphatic C-H stretching in methyl and/or 
methylene units, are evident. The strong absorption band at ~1650 cm-1 is 
characteristic of the carboxylate group. The resolution of bands in the ‘fingerprint 
region’ in the HA compared to the FA reflects the incomplete transformation of some 
plant components in the early stages of the humification process compared to the FA. 
The well resolved band at ~1515cm-1 in the HA spectra reflects the stretching 
vibration of aromatic C=C bonds. The distinct bands at 1452 and 1413 cm-1 reflect 
aliphatic C-H deformations and aromatic skeletal vibrations. These 3 bands indicate 
contributions from lignin units. Both spectra show strong absorbance bands in the 
region 1280-1200cm-1, characteristic of C-O stretching and of OH deformation of 
carboxyl groups, and of C-O stretching of aryl ethers (Stevenson, 1994). The lignin-
carbohydrate complexes or lignocellulosic structures in humic fractions may be 
assigned to the bands: the C-O stretch from ether or phenols (~1228 cm-1), C-H in-
plane deformation from syringyl units (~1120cm-1) and aromatic C-H in-plane 
deformation or C-O stretching of carbohydrate (~1036 cm-1). These signals can be 
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traced to the amended maize and indicate that the maize residue had undergone 
humification.  
11.3.4  Neutral Sugar (NS) Analyses 
 
Soil polysaccharides are important components of SOM and have important 
roles in the soil environment. There is a genetic or biological control of the synthesis 
of biological macromolecules such as polysaccharides, and there is convincing 
evidence to indicate that soil polysaccharides are mixtures of components with origins 
in plants and microorganisms (Clapp and Kingery, 2005). Carbohydrates contribute 5 
to 25% to the composition of soil organic matter (Stevenson, 1994). Carbohydrates 
bound to (or more likely in association with) HS are considered to account for about 
one-fifth of the total carbohydrate materials present in the soil (Hayes et al., 1997). By 
taking account of the compositions and relative abundances of the neutral sugars it is 
possible to get some indications about the origins of the (poly)saccharide components 
of the organic matter (Hayes et al., 2008). Arabinose (Ara) and xylose (Xyl) are 
largely from plants, while rhamnose (Rha), fucose (Fuc), mannose (Man), and 
galactose (Gal) are believed to be  predominantly of microbial or animal origins 
(Cheshire and Hayes, 1990). Oades (1984) concluded that a ratio [Man + Gal)/ (Ara + 
Xyl)] < 0.5 would suggest origins in plants, and values > 2 would indicate microbial 
origins. The ratio [(Rha + Fuc)/(Ara + Xyl)] is sometimes used and has the same 
rationale. The smaller this ratio the more likely it is that the sugars have origins in 
plants.  
The order of abundance of the sugars in the HA was Glu > Xyl > Rha > Arab 
> Gal > Man > Fuc, and the total contents of NS was 108 nmol mg-1 or 13 % of the 
HA at pH 12.6. NS were found to be slightly more abundant in the FA at 135 nmol 
mg-1 or 17% of the FA at pH 12.6, and the order of abundance was  only slightly 
different to that of the HA (Glu > Xyl > Rha > Arab > Man > Gal > Fuc). The mass 
ratios of the humic fractions are given in Figure 11.4. The ratio of [(Man + Gal)/ (Ara 
+ Xyl)] and [(Rha + Fuc)/(Ara + Xyl)] is highest for the FA at 1.04 and 0.93 
respectively suggesting that carbohydrates from microbial sources contribute more to 
the FA than they do to the HA, and that the HA have the greater proportion of plant 
derived carbohydrate. However, the ratio values, all around 1, would suggest that 
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plant sources, from the transforming maize, are the major contributors to the NS 
components of the samples.  
 
 
Figure 11.3 Percentage of total HS that is composed of neutral sugars for the HA 
and FA isolated from the sand-maize incubation sample after 12 months using 
0.1 M NaOH at pH 12.6 (values based on the mean of three analytical replicates, 
calculated on a dry-ash free basis).  
 
 
 
Figure 11.4. Monosaccharide ratios for the HA and FA isolated from the sand-
maize incubation sample after 12 months using 0.1 M NaOH at pH 12.6 (values 
based on the mean of three analytical replicates, calculated on a dry-ash free 
basis). 
11.3.5 Amino Acid (AA) Analyses 
 
The origin and fate of biologically active compounds, such as free amino 
acids, in soils are very complex. Free amino acids may originate in soils from: i), 
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leaching of biological tissues (plant, animal and microbial remains); ii), release during 
the conversion of protein N to NH3 (proteins → peptides → amino acids → NH3) by 
heterotrophic organisms; and iii), plant root/microbial excretion. Once amino acids 
are released in soils, many factors affect their abundance, including synthesis and 
destruction by biota, adsorption by clay minerals and reactions with quinones and 
reducing sugars (Stevenson, 1994). The predominant amino acids in the solid-phase 
soil are often those contained in the cell walls of microorganisms, such as alanine, 
aspartic acid and glutamic acid, suggesting a possible microbial origin of amino acids 
(Yu et al., 2002).  
 
Table 11.2. Amino acid content in nmol mg-1 of the HA and FA isolated from the 
SMI at pH 12.6 (values based on the mean of three analytical replicates, 
calculated on a dry-ash free basis). 
  
HA pH 12.6 
nmol mg-1 
FA pH 12.6 
nmol mg-1 
Acidic Asp 69.2±3.46 106.5±5.33 
 Glu 78.3±3.92 75.3±3.77 
 Total Acidic  147.5±7.38 181.9±9.10 
Basic Arg 239.2±11.92 40.5±2.02 
 Lys 107.4±5.37 174.6±8.73 
 Total Basic 346.6±17.33 215.1±10.76 
NHo Val 85.4±4.27 51.5±2.58 
 Ileu 55.7±2.79 31.2±1.56 
 Leu 89.8±4.49 47.4±2.37 
 Tyr 36.9±1.84 19.6±0.98 
 Phen 56.3±2.81 31.2±1.56 
 Total NHo 324.1±16.21 181.0±9.05 
NHi Thr 197.7±9.89 50.9±2.55 
 Ser 115.4±5.77 45.3±2.26 
 Gly 215.9±10.80 192.3±9.61 
 Ala 10.4±0.52 49.1±2.46 
 Total NHi 539.4±26.97 337.6±16.88 
Total AA  1357.6±67.88 915.5±45.78 
TA/TB Ratio 0.4±0.02 0.8±0.04 
TA/NHo Ratio 0.5±0.03 1.0±0.05 
NHi/NHo Ratio 1.7±0.09 1.9±0.1 
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The amino acids detected (Table 11.2) are grouped into Acidic (Aspartic acid, 
ASP; and Glutamic acid, GLT), Basic (Arginine, ARG; and Lysine, LYS), Neutral 
hydrophobic (NHo, Valine, VAL; Isoleucine, ILE; Leucine, LEU; Tyrosine, TYR; 
and phenylalinine, PHE), and Neutral hydrophilic (NHi, Threonine, THR; Serine, 
SER; Glycine, GLY; and Alanine, ALA). The ratios of the abundances in the groups 
are also given. The order of abundances (in nmol mg-1) of the AAs in the samples 
decreased in the order HA, pH 12.6 (1158), > FA, pH 12.6 (916). The contents of the 
total acidic, total basic, total neutral hydrophobic, and total neutral hydrophilic AAs in 
the different humic fractions followed the order THi > TB > THO > TA in the HA and 
THi > TB > TA > THO in the FA. 
Hayes et al. (2008) found GLY and ASP to typically be the most abundant AA 
in HS from soil and drainage water. In the case of the HA, ARG was found to be the 
most abundant AA, followed by GLY, THR, SER and LYS. Arginine is the most 
basic of the 20 α-amino acids in biological systems. Laird et al. (2001) suggested that 
arginine actively accumulates in clay–humic complexes. The order of abundance in 
the FA was GLY, LYS, ASP, GLU and VAL. The TA/TB ratio shows that there was 
an enrichment of basic amino acids in the HA. The FA had a greater TA/TB ratio than 
the HA. This can be attributed to the usually greater content of acidic amino acids and 
invariably lesser contents of basic amino acids in fulvic acids (compared with the 
humic acids) (Hayes et al., 2008). The TA/NHo and Ni/NHo ratios were greater for 
the FA than those for the HA. These trends reflect the lesser amounts of the 
hydrophobic amino acids in the FA. 
11.3.6  Nuclear Magnetic Resonance (NMR) Spectroscopy 
 
Solid state 13C NMR spectroscopy has wide applications for studies of carbon 
functionalities in insoluble samples. The resonances are broader than those observed 
for materials in solution, mainly as a result of chemical shift anisotropy and the lack 
of molecular motion (Deshmukh et al., 2005). CP/MAS 13C NMR spectra for organic 
matter can show broad resonances, exhibiting four major types of organic 
functionalities: aliphatic, carbons adjacent to O or N (such as carbohydrates, amino 
acids, esters, alcohols, etc.), aromatics, and carboxyl/aliphatic amides (Kaiser et al., 
2003). The CPMAS 13C NMR spectra for the fractions of the extracts obtained at pH 
12.6 are shown in Figure 11.5.  The corresponding DD and CSA spectra are also 
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shown in Figure 11.6 and in Figure 11.7. Areas of the chemical shift regions were 
determined after integration and expressed as percentages of the total area (“relative 
intensity”). The distribution of relative signal intensities is presented in Table 11.3. 
The resonance bands referred to in this discussion are: 10–45 ppm (alkyl C), 45–65 
ppm (methoxyl & amino), 65–110 ppm (O–alkyl or carbohydrate, ether, alcohol 
functionalities), 110–140 ppm (aromatic C), 140–160 ppm (O–aromatic C), 160–190 
ppm (acid, ester, amide functionalities), and 190–220 ppm (carbaldehyde, ketone). 
Figure 11.5 shows the 13C NMR spectra of HA and FA isolated from maize amended 
sand at pH 12.6 after 12 months using 0.1 M NaOH. The spectra show the 
compositional differences between the HA and FA. There is evidence for strong 
contributions from lignin units in the HA spectrum. The peak at 56 ppm is assigned to 
the methoxyl C in lignin; a small peak near 130 ppm is probably assignable to the C-2 
and C-6 of syringyl unit; the peak at 153 ppm is mostly assigned to C-3 and C-5 of O- 
aryl C in syringyl units with -O-4 linkage; and a shoulder at 148 ppm is due to the C-3 
and C-4 carbons of guaiacyl units (Hatcher, 1987). These spectral features confirm 
that the HA from the sand maize incubation contain appreciable amounts of mixed 
syringyl–guaiacyl lignin. In the oxygenated alkyl region, the peak at 56 ppm is 
normally assigned to methoxyl associated with lignin units and to N-alkyl C (α-C of 
most amino acids) from protein/peptides. The DD experiment was used to estimate 
the relative proportions of protonated and non-protonated carbons in organic solids by 
a pulse sequence involving a brief interruption in proton spin decoupling between 
cross polarization and the beginning of data acquisition (Newman, 1992; Smernik and 
Oades, 2001). The signal at 56 ppm was retained in the HA but greatly attenuated in 
the FA, while protonated N alkyl C in protein/peptides has disappeared. Evidence for 
O-aromatic C (142-156 ppm) is very clear in the DD spectrum of the HA (Figure 
11.6), again highlighting the significant contribution of lignin residues in this region. 
In the aromatic region, the peak at 130 ppm may originate from protonated and O-
substituted aryl carbon, as well as from unsaturated alkyl structures. The possibility 
that olefinic double bonds account for the 160- to 110-ppm region in CPMAS-NMR 
spectra of humic matter better than aromaticity had been previously proposed 
(Hänninen et al., 1993; Canellas et al., 2008). Microbial oxidation may cause the 
rupture of aromatic rings during humification and formation of alkyl chains 
containing unsaturated carbon bonds and terminal carboxylic carbons (Bertini et al., 
2003; Canellas et al., 2008).  
_Chapter 11 Transformations of Organic Amendments to Humic Substances 
 
280 
 
There is a significant peak in aromatic region at 130 ppm in the FA spectrum. 
There is little evidence for lignin signals in the FA spectrum, with the near-absence of 
significant peaks between 140 and 160ppm and below 120ppm, with the small peak at 
56 ppm indicating a diminutive contribution of lignin units to this fraction. It may be 
possible that the peak at 130 ppm in the FA spectrum in due to unsaturated alkyl 
structures as well as contributions from aromatic lignin components. The DD 
spectrum for the FA is shown in Figure 11.6. The peak at 130 ppm remains after 
dipolar dephasing which could possibly be assigned to CH=CH (Mao et al., 2007). It 
is not possible to make any conclusive statements about the origins of these materials 
without further investigations. 
Figure 11.5. 13C NMR spectra of A), HA and B), FA isolated from the sand-maize 
incubation sample after 12 months using 0.1 M NaOH at pH 12.6. 
 
A doublet O-aryl signal (148 and 152 ppm) in the HA spectrum, with a strong 
aryl C near 130 ppm with a small signal near 115 ppm, as well as the resonances at 56 
ppm, are characteristic of lignin units or lignin-derived structures and incomplete 
humification. The shoulder at 144–145 ppm may be attributable to condensed tannins 
namely the C3 and C4 carbons of procyanadins (De Montigny et al., 1993). The 
contribution of methoxyl and O-aromatic C from lignin to the HA is far greater than 
A
B
alkyl
OCH3/amino
O-alkyl/carb/
OH
aromatic C
O-aromatic acid/ester/amide
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that to the FA, indicating that this fraction is less humified (has less transformed plant 
derived residues ) that the FA (Hayes et al., 2008).  
In the O-alkyl region of the CP/MAS spectra (Figure 11.5), the peak around 72 
ppm can be attributed to carbohydrate (polysaccharide) structures (C2 to C5 or δ-, β-, 
γ-C in β-O-4 linked units in lignin). The peak at 100-105 ppm indicates anomeric C 
(di-O-alkyl) of carbohydrate. Confirmation of this is evident in the spectra (Figure 
11.7) with chemical shift anisotropy (CSA) spectral editing (Novotny and Hayes, 
2007). The CSA experiment was developed to resolve the overlap between aromatic 
and anomeric carbon resonances in the 90- 120 ppm range in the spectra because the 
CSA filter suppressed the signals of carboxyl and aromatic (sp2 carbon) 
functionalities, and highlighted the sp3 aliphatic carbons and the anomeric carbon (90-
105 ppm) resonances (Mao and Schmidt-Rohr, 2004). The CSA spectra for the HA 
and FA are shown in Figure 11.7. All the carboxyl, amide, and aromatic 
functionalities are no longer visible and the aliphatic and anomeric-C regions remain. 
The anomeric signals are quite low, corresponding to the low carbohydrate contents 
found. The anomeric C /carbohydrate resonance ratio was determined from the 
integration data and was found not to be of the order of 1:5 or 1:6, but of the order 
1:7, suggesting that the resonance at 60-90 ppm is not due to carbohydrate alone. 
From the CP/MAS spectra the large contribution of lignin-type signals to the fractions 
can be seen, therefore the fractions may contain ether functionalities. This could mean 
that the signal in the carbohydrate region is possibly indicative of lignin components 
such as ether as well as carbohydrate. The situation was similar for the FA as the 
anomeric C/carbohydrate resonance ratio was found to be of the order of 1:8, 
suggesting that the resonance at 60-90 ppm is not due to carbohydrate alone. Both 
spectra contain strong resonances attributable to the terminal methyl and 
polymethylene carbon of aliphatic hydrocarbon species (0-46 ppm).  For the alkyl 
region, the peak at 22 ppm was attributed to the aliphatic carbon of branched and 
short-chain compounds in alkyl chains, while the signal at 30 ppm was due to long-
chain alkyl compounds (Zhang et al., 2011). The peak centered at 30 ppm is better 
defined and more prominent in the HA than in the FA spectra, suggesting that the HA 
contains more long-chain alkyl than the FA. These carbons were very mobile, and 
also survive in the DD spectra (see Figure 11.6).  These polymethylene groups 
probably arose from long-chain fatty acids, as indicated by the evident carboxyl signal 
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at ~170 ppm. Microorganisms degrade labile fractions in plant residues to CO2, and 
the resistant components are stabilised as HS in soils and sediments by a process 
described as “selective preservation” of resistant biomolecules (Derenne and Lageau, 
2001). Studies on organic matter in soils and sediments, as well as fossil fuels, have 
shown that the most resistant components are rich in long-chain polymethylenic 
functional groups (Deshmukh et al., 2005). In terrestrial systems, these aliphatic 
hydrocarbon components are believed to be derived from aliphatic biopolymers such 
as cutin or suberin, the protective layers of higher terrestrial plants (Kolattukudy, 
1980). These aliphatic components may be selectively enriched during humification 
because of their resistance to microbial and chemical degradations (Kang et al., 2003). 
It has been shown that the aliphatic hydrocarbon content increases with increasing 
SOM decomposition (Baldock and Clark, 1997), indicating that these components are 
diagenetically resistant and survive unaltered over time (Deshmukh et al., 2005).  
The enrichment of aromatic moieties and the decrease of O-alkyl carbon 
structures in HS is related to the higher degree of humification process (Zhang et al., 
2011). The FA spectrum had lower contributions from O-alkyl carbon than the HA 
indicating that it was more highly humified. The large peak centering at 130 ppm in 
the FA spectrum may indicate olefinic double bonds from microbial oxidation of the 
maize residues.  
In the carboxylic acid and carbonyl C region of the CP/MAS spectra, the peaks 
at 174 ppm can be assigned to carboxyl, amide and ester C (Preston and Newman, 
1995). The higher integration values of carboxylic and carbonyl C for the FA indicate 
that the FA fraction was highly oxidized, and had more acidic functional groups 
(Zhang et al., 2011) than the HA.  
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Figure 11.6. Dipolar dephasing spectra of: A), HA; and B), FA isolated from the 
sand-maize incubation sample after 12 months using 0.1 M NaOH at pH 12.6. 
 
Figure 11.7.Chemical Shift anisotropy (CSA) spectra of A), HA; and B), FA 
isolated from the sand-maize incubation sample after 12 months using 0.1 M 
NaOH at pH 12.6.  
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Table 11.3. Integration area distributions of the relative signals intensities from 
CP/MAS 13C NMR spectra of the HA and FA isolated from the sand-maize 
incubation sample after 12 months using 0.1 M NaOH at pH 12.6, expressed as 
percentages of the total peak area.  
Chemical shift ppm 
 
          
 
0-44 44-
62 
62-
90 
90-
110 
110-
142 
142-
160 
160-
185 
185-
220 
Arom 
% 
Ali 
% 
H
A 
19.
4 
17.8 16.2 6.6 17.1 10.8 10.9 1.2 27.9 72.1 
FA 22.
3 
10.0 13.4 3.8 27.0 4.4 17.2 1.9 31.4 68.6 
Aromaticity = (Aromatic C (peak 110-156 ppm) * 100)/(Total peak area (0-230 ppm) 
Aliphaticity =100 –Aromaticity 
 
A sample was taken after 24 months and subject to the same extraction and 
fractionation procedure as outlined above. Following centrifugation, the supernatants 
at pH 7 and 10.6 contained some colour indicating that humic substances soluble at 
the lower pH values had formed indicating a higher degree of humification in the 
extracts at 24 months compared to the extracts at 12 months which contained little or 
no colour at the lower pH values.  
 
Figure 11.8.13C NMR spectra of A), HA; and B), FA isolated from the sand-
maize incubation sample after 24 months using 0.1 M NaOH at pH 12.6. 
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The HA isolated at pH 12.6 after 24 months incubation, as shown in Figure 
11.8,  appears to be more enriched in carbohydrate compared to the equivalent 12-
month extract, with significant peaks at 70ppm and 105ppm. Contributions from 
lignin are evident with lignin-derived aromatic degradation products signals at 150, 
125, and 115 ppm and a significant lignin methoxyl peak at 56ppm. However the size 
of the peak at 56 ppm relative to the aromatic peaks, in addition to the rounded shape 
of the OCH3 and the second small peak at ~58 ppm may indicate contributions from 
amino acids to this region. The FA isolated at pH 12.6 is similar to the HA and differs 
greatly from the 12-month FA. The peak at 130 ppm, tentatively assigned to 
unsaturated alkyl structures in the 12-month FA, is greatly decreased in the 24-month 
FA. This may indicate that the unsaturated alkyl components in the 12-month FA 
have been mineralised by the microorganisms in the incubation, leaving only material 
composed of small amounts of lignin derived signals and significant contributions 
from carbohydrates. Lignin has a degree of resistance to biodegradation, but white rot 
fungi can degrade it (Clapp and Kingery, 2005). The preservation of carbohydrate and 
the destruction of lignin imply that white-rot fungi may be the key microorganisms in 
the incubation. In general, brown rot fungi mainly attack cellulose while imparting 
minor modifications to lignin, and white-rot fungi are more actively degrade the 
lignin component (Schurz, 1978; Zheng et al., 2009). This would suggest that the 
activity of brown rot fungi is at a minimum in this incubation. 
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Figure 11.9. 13C NMR spectra of A), HA; and B), FA isolated from the sand-
maize incubation sample after 24 months using 0.1 M NaOH at pH 10.6. 
 
Limited amounts of material were extracted at pH 10.6 (Figure 11.9) 
indicating that the humification of the maize residues had progressed further after 24 
months than the extracts after 12 months which contained insignificant amounts of 
material in the extraction at that pH. The pH 10.6 fractions are similar to those 
isolated at pH 12.6; however they contain lower contributions from carbohydrates.   
 
Figure 11.10. 13C NMR spectrum of FA isolated from maize amended sand at pH 
7 after 24 months. 
 
A diminutive amount of FA was isolated at pH 7 from the 24 month sample (Figure 
11.10). There is significant evidence for contributions from lignin with a sharp 
methoxyl peak at 56 ppm and resonance in the aromatic and O-aromatic region. There 
_Chapter 11 Transformations of Organic Amendments to Humic Substances 
 
287 
 
are also peaks due to carbohydrate in the 60-90 ppm and a peak at 105 ppm from 
anomeric-C is evident.  There is significant carboxyl resonance. During 
biodegradation lignin can undergo a gradual oxidative transformation process which 
introduces carboxyl groups into the molecule (Kögel-Knabner, 2002). According to 
Tang et al. (2006) oxidative degradation of OM is usually accompanied by the 
generation of carboxyl groups. Higher levels of modified lignin can account for 
increases in phenolic, carbonyl, and carboxyl C (Chen et al., 1989; Caricasole et al., 
2010). This may be the case in FA was isolated at pH 7 from the 24 month sample 
which will have contributions from maize residues transformed over the 24 month 
period.  
11.3.7 Casein-Sand Incubation  
 
In order to understand the contribution of proteins to the main structural 
properties of humic substances produced during the humification process, casein, a 
milk protein, was incubated in sand over 12 months under the same conditions as 
outlined for the SMI above. Humic fractions were isolated from the casein-incubation 
following the method outlined in section 11.2.2  For a detailed understanding of the 
fate of biomass components it is therefore important to trace individual compound 
groups in order to estimate their actual contribution to the formation of SOM if they 
enter the soil as part of a complex substrate. 
 
 
Figure 11.11. Solid state CPMAS 13C  NMR spectrum of casein (Hedges et al., 
2000) 
 
_Chapter 11 Transformations of Organic Amendments to Humic Substances 
 
288 
 
Figure 11.11 shows the Solid state CPMAS 13C NMR spectrum of casein. In 
the aliphatic region the signals are due to side chain protons in proteins/ peptides. In 
typical proteins the α-carbon atoms of amino acids produce signals that appear in the 
region from 53 to 58 ppm. Some amino acids contribute signals near 63 ppm (ter 
Beek et al., 1996). The broad peak that is observed centered on 56 ppm and the 
smaller peak near 63 ppm can be assigned to α-carbon peaks in amino acids. The peak 
near 131 ppm is from aromatic carbons (Wuthrich, 1976) in aromatic amino acids (ter 
Beek et al., 1996). The major peak at 176 ppm is derived from carbonyls in peptide 
bonds and from carboxylates on side chains.  
 
Figure 11.12. 13C NMR spectra of the operationally defined HA and FA 
extracted from casein-sand incubation at pH 7.0 after 12 months. 
 
The 13C CPMAS NMR spectra of the operationally defined humic extracts 
isolated from the casein incubation are shown in Figure 11.12. After 12 months 
incubation the 13C NMR spectra of the extracts differ greatly to that of casein. 
Alianiello et al. (2010) found that after incubating casein in soil for 3 weeks, the 13C 
NMR spectrum of casein-treated soil was impossible to distinguish from the one of 
the untreated soil, demonstrating that the casein was quickly degraded. The strong 
signals in the alkyl-C (0–50 ppm) and O-alkyl-C (50–110 ppm) regions of the NMR 
spectrum, show that the HA fraction contained both aliphatic and carbohydrate 
components. The series of peaks centred at around 25 ppm point towards a large 
content of methylene chains or CH2 groups derived from lipids of microbial origin 
and  from amino acid side chains from peptide material (Huang et al., 1998) in the 
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casein. Amino acid C could contribute to the signal between 17 and 50 ppm (Kögel-
Knabner, 2002). In the oxygenated aliphatic C region, the peak at 56 ppm can be 
assigned to N–alkyl (α-C of most amino acids) from protein/ peptides for both 
fractions. The signal at 56 ppm was greatly attenuated in the DD spectrum of the FA 
(see Figure 11.13) because only mobile methoxyl C and non protonated N–alkyl in 
protein/peptides survived (Song et al., 2008). The large signal at 176 ppm indicates a 
large content of carboxyl groups in aliphatic acids of microbial origin and/or amide 
groups in amino acid moieties (Spaccini and Piccolo, 2009). The peaks at 66 ppm, 72 
ppm and 85 ppm can be attributed to polysaccharide structures, and the peak at 100–
105 ppm indicates anomeric C (di–O–alkyl) in carbohydrates (Song et al., 2008). This 
carbohydrate may have been formed by the microbial community as it degraded the 
casein material. The FA fraction contains very little evidence for carbohydrate signals 
(note the absence of peaks at 72 and 105ppm), indicating that the FA fraction has 
undergone a greater degree of humification than the HA fraction. Aromatic sidechains 
of polypeptides will produce signals in the 130 ppm region and the peak at 115 ppm is 
from protonated aromatic carbon, emphasised by the disappearance of the 115 ppm 
peak in the DD spectrum. The size of both of the peaks at 130 and 115 ppm greatly 
increased in the incubated casein compared to the spectrum of the original casein. 
Microbial transformation and the production of microbial metabolites may have 
contributed to this. Senesi et al. (1996; 2007), Brunetti et al. (2007), and Caricasole et 
al. (2010; 2011) found that degree of aromatic ring polycondensation and 
polymerization increases as humification progresses.  
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Figure 11.13.  CPMAS and DD spectra of the operationally defined FA extracted 
from casein-sand incubation at pH 7.0 after 12 months. 
11.4 Conclusions 
 
Observations of humification of plant residues in soil are fundamental for 
defining the carbon cycle in natural and cultivated environments. This study 
demonstrates the transformation of maize residues into relatively stable soil organic 
matter during the periods of 12 and 24 months of laboratory incubation experiments. 
The newly formed humic fractions were characterized by different analytical 
techniques in order to get a deep insight in the structures and compositional aspects of 
the humic fractions. In year 1, humic fractions in the early stages of humification were 
isolated at a higher pH value and solid state NMR indicated that these fractions 
contained significant contributions from the maize amendment as there were strong 
lignin signals evident in the spectra. As transformation of the maize progress over 
year 2, humic fractions were isolated at the lower pHs indication that humification 
had progressed with the strength of lignin signals weakened.  
 After 12 months incubation the 13C NMR spectra of the humic fractions 
isolated from the casein incubation differs greatly to that of casein. The spectra 
indicate that the casein was significantly modified and evidence for microbial 
contributions to the spectra were identified. 
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This work contributes to our knowledge and understanding of the 
transformation of organic materials to humic substances by allowing the humification 
process to be followed over time. 
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Chapter 12 General Conclusions 
 
The overall objective of this project was to provide fundamental information 
about the nature and the associations of the organic matter (OM) in selected 
representative Irish grassland soil types that have been installed in a lysimeter system 
at the Teagasc Environmental Research Centre, Johnstown Castle, Wexford, Ireland. 
 
The project aimed to 
1) isolate and determine the amounts and compositions of the soil organic matter 
(SOM) fractions from representative Irish mineral grassland soils. 
2) investigate the influence of drainage regime and management practices on 
dissolved organic carbon losses from the grassland soils by isolating and 
determining the amounts, compositions and aspects of structures of dissolved 
organic matter (DOM) fractions from the grassland soils, and to evaluate the 
losses of C in the drainage waters. 
3) utilise  novel procedures for the isolation of humin and to characterise humin 
material isolated by the state-of-art NMR techniques; 
4) incubate a sand with organic amendments to simulate how organic residues 
could influence the organic matter accumulation in soil. SOM fractions were 
isolated and characterised to investigate the humification/transformation 
process. 
 
Focus has been placed on two Irish grassland soils; Clonakilty soil, a well drained 
Brown podzoilic soil (WDS) and Rathangan, a poorly drained Gley, (PDS). 
 
International concern about climate change has increased interest in SOM and 
DOM. This research provides further insights into the composition of SOM in Irish 
grassland soils and the composition of the organic C lost from soils through transport 
in drainage water. This is important as it provides an insight into an area of the global 
carbon cycle about which little is known. OM is lost from soil through leaching in 
drainage water. Further information on the composition of the organic C lost in 
drainage water and how it relates to the native HS from the soil, as detailed in chapter 
6, provides an insight into how OC moves from the terrestrial environment into the 
_____________________________________________________Chapter 12 General Conclusions 
 
 
297 
 
aquatic environment. Using NMR spectroscopy and ESI coupled to ultrahigh 
resolution FT-ICR-MS, which can facilitate the extensive molecular level 
characterisation of NOM, it can been seen that there are definite similarities between 
the highly oxidised organic components isolated from the well drained soil at pH 7.0 
and the DOM  isolated from its drainage water. The 13C NMR data have shown that 
the spectrum of the FA 1, isolated at pH 7.0 most closely resembles that of the 
hydrophobic (Ho) acid from the drainage water. This would indicate the contribution 
of the highly oxidised FA to the Ho acid, the major component of the DOM found in 
the drainage water. FA isolated at pH 7.0 from soil is highly oxidised and undergone 
extensive humification and transformation and its apparent contribution to the major 
component of DOM in the drainage water, the Ho acid, may suggest that the highly 
oxidised FA is a major link in the C cycle between soil OM and ground water DOM. 
This type of information may contribute to existing models for SOC sequestration. 
 
DOM can play a key role in many environmental processes, including carbon 
cycling, nutrient transport and the fates of contaminants and of agrochemicals. Ho 
acids, the major components of the DOM, were recovered from the drainage waters 
from the WDS and the PDS Irish grassland soils in lysimeters under different 
management systems: control, no amendment, amended with fertilizer, and with 
fertilizer and bovine urine, and were studied using 1D and 2D solution state Nuclear 
Magnetic Resonance (NMR) spectroscopy as detailed in Chapter 7. Multidimensional 
solution-state NMR analysis indicated that the components of the Ho from the 
drainage water of typical Irish grassland soils were complex mixtures of both plant 
and microbial-derived materials. Treatment with fertiliser increased the Ho export 
from both WDS and PDS soils, and increased the lignin contribution to the 
compositions of the Ho. This possibly resulted from elevated OM inputs to the soil as 
the result of increased dry matter production through fertilization. Application of a 
fertiliser + urine mixture resulted in smaller losses of Ho and decreased the lignin-
derived signal. This is likely to be attributable to an increase in microbial activity 
arising from the urine application. The drainage regime affected the responses of each 
soil to the treatments. Application of fertiliser caused a greater increase in the exports 
of Ho from the PDS. That reflected the decreased aeration in the PDS, resulting in a 
lesser decomposition of the increased OM input in the Ho. The fertiliser + urine 
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application gave rise to a decrease in the Ho from the PDS, compared to the treatment 
with fertiliser alone. The urine may have been transported more slowly through the 
PDS resulting in a higher level of microbial activity, increased decomposition, a lower 
export of Ho, and a lower lignin contribution to the Ho. This study suggests that the 
stimulation of microbial activity by the addition of urine decreases the recalcitrance of 
the lignin components. Investigations of the compositions and the extents to which Ho 
is lost from soils, as influenced by management practices and the processes involved, 
will help our understanding of the movement of C between the terrestrial and aquatic 
environments. 
 
A comprehensive sequential extraction procedure, used in Chapter 8, isolated 
humic acids, fulvic acids and humin fractions from the WDS and PDS. Analysis of 
the resulting fractions showed that HS themselves could be fractionated on the basis 
of charge density, that HS at the lower depths were more highly humified that the 
surface HS and that drainage regime influence the level of transformation that the HS 
undergo. In the PDS a lower level of humification was observed in the humic 
fractions compared to the WDS. This may be due to the decreased aeration in the PDS 
that would impede biological oxidation to carbon dioxide of the organic matter input. 
In the WDS rapid decomposition of organic matter input may have taken place as a 
result of better aeration due to the drainage profile.  
 
Through the extraction procedure, the highly oxidized components were 
concentrated in HAs isolated at pH 7, and lignin-derived components were 
concentrated in HAs isolated at pH 12.6. In classical definitions the HA extracted in 
the base/urea solvent system would be regarded as humin material. However, the 
similarities between this solid-state NMR spectrum and those of the fractions isolated 
at pH 7.0, 10.6 and 12.6 suggest that the inclusion of urea released FA held by 
hydrogen bonding, and/or perhaps by steric constraints within the humic matrix. The 
FA isolated in the urea system has closer similarities with the FA isolated at pH 12.6 
than those isolated at pH 7.0. This fraction more closely resembled the FA isolated at 
pH 12.6 than it did the humin after urea. These are in the range of humin materials in 
the conventional definitions, but are likely to be part of humic acids and fulvic acids 
trapped or selectively preserved in the soil humin matrix. The solid-state NMR 
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(Chapter 8) and HR-MAS spectra (Chapter 9) shown that the humin materials are 
composed of microbial and plant derived components. An additional extraction 
procedure using DMSO + H2SO4 extracted more of OC from the residual material 
after urea/base extraction and rendered a humin fraction amenable to analysis by 
solution-state NMR (Chapter 10), which confirmed the findings  that were obtained 
using solid-state NMR. On that basis humin does not satisfy the classical definition 
for humic substances because it is composed largely of materials that can be shown to 
be largely untransformed components of plants and of microorganisms. Differences in 
the composition of humin as depth down the soil profile is increased were noted. This 
highlights how humin, the most recalcitrant form of SOC, may vary with soil depth. 
 
 Observations of humification of plant residues in soil are fundamental for 
defining the carbon cycle in natural and cultivated environments. Incubation studies 
(Chapter 11) were conducted that followed the transformation of maize residues into 
relatively stable soil organic matter during the periods of 12 and 24 months and casein 
over 12 months. This work contributes to our knowledge and understanding of the 
transformation of organic materials to humic substances by allowing the humification 
process to be followed over time. 
 
 The overall aim this project was to provide fundamental information about the 
nature and the associations of the OM in selected representative Irish grassland soil 
types that have been installed in a lysimeter system at the Teagasc Environmental 
Research Centre, Johnstown Castle, Wexford, Ireland. Incubation experiments of 
organic amendments were utilised to gain an understanding of the transformations that 
OM undergoes during transformation. Advanced extraction, fractionation and 
analytical techniques were utilised to isolate and determine the amounts and 
compositions of the SOM fractions isolated from the WDS and the PDS. This work 
demonstrates the variation that is found between humic fractions at different depths 
within the same soil profile. Differences are also revealed between HS isolated from 
the same depth, using the same procedures, in soils with different drainage regimes, 
highlighting the influence of soil drainage on how C is stored in the soil. This 
suggests that a number of factors, such as soil type, drainage regime and soil depth, 
must be considered when investigating how C is stored in stable forms in the soil. 
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Investigations on the influence of management practices on DOC export from the two 
soils also revealed the effect of soil type and drainage regime on the transport of C 
from the terrestrial to the aquatic environments. In the generalised biogeochemical 
carbon cycle, humin is at the point in the cycle where the OC produced in the 
biosphere becomes part of the geosphere. Due to its insolubility in conventional 
solvents, it has been the least studied of all the humic fractions. The work in this 
thesis overcomes this by using an exhaustive sequential extraction procedure. 
Advanced analysis of the humin reveals that it contains contributions predominantly 
from protein, lipids/cuticular waxes, carbohydrates and with minor contributions from 
lignin. Humin is a recalcitrant organic material that contributes to the stable carbon 
pool in soil and is important for the global carbon budget. Knowledge of its 
composition will contribute to our understanding of C sequestration in soil. 
 The insights into humic fractions, DOC export and humin of two 
representative Irish grassland soils, with different drainage regimes, gained through 
this work, will contribute to   our knowledge of how C is stored in soils and will be 
beneficial for the development of more specific models for C sequestration and 
storage in grassland soils. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
APPENDICES 
 
Compositional changes in the hydrophobic acids fraction of
drainage water from different land management practices
Corinna M.P. Byrne a, Michael H.B. Hayes a,*, Rajeev Kumar b, Etelvino H. Novotny c,
Gary Lanigan d, Karl G. Richards d, Deirdre Fay d, Andre J. Simpson b,**
aDepartment of Chemical and Environmental Sciences, University of Limerick (UL), Ireland
bDepartment of Chemistry, University of Toronto, Scarborough, Toronto, Ontario, M1C 1A4, Canada
cUL and Embrapa Solos, R. Jardim Botaˆnico, 1024, CEP 22460-000, Rio de Janeiro-RJ, Brazil
dTeagasc Environmental Research Centre, Johnston Castle, Wexford, Ireland
a r t i c l e i n f o
Article history:
Received 9 February 2010
Received in revised form
27 May 2010
Accepted 31 May 2010
Available online 9 June 2010
Keywords:
Grassland
Dissolved organic matter
Hydrophobic acids
Drainage water
Fertiliser
Urine
Solution-state NMR
a b s t r a c t
Dissolved organic matter (DOM) can play a key role in many environmental processes,
including carbon cycling, nutrient transport and the fates of contaminants and of agro-
chemicals. Hydrophobic acids (Ho), the major components of the DOM, were recovered
from the drainage waters from well-drained (WDS) and poorly-drained (PDS) Irish grass-
land soils in lysimeters, amended with N fertiliser (F) and with bovine urine (U) and were
studied using 1D and 2D solution-state Nuclear Magnetic Resonance (NMR) spectroscopy.
The Diffusion Edited (DE) 1H NMR spectra indicated that the Ho consisted largely of larger
molecules, or of molecules that formed rigid aggregates, and the 1D and the 2D (Hetero-
nuclear Multiple Quantum Coherence e HMQC, the Total Correlation Spectroscopy e
TOCSY, and the Nuclear Overhauser Effect e NOESY) spectra indicated that the samples
were composed of lignin residues, carbohydrates, protein/peptides, and aliphatic compo-
nents derived from plant waxes/cuticular materials and from microbial lipids. The F
amendments increased the concentrations of Ho in the waters by 1.5 and 2.5 times those in
the controls in the cases of WDS and PDS, respectively. The lignin-derived components
were increased by 50% and 300% in the cases of the Ho from the WDS and PDS, respec-
tively. Applications of F þ U decreased the losses of Ho, (compared to the F amendments
alone) and very significantly decreased those of the lignin-derived materials, indicating
that enhanced microbial activity from U gave rise to enhanced metabolism of the Ho
components, and especially of lignin. In contrast the less biodegradable aliphatic compo-
nents containing cuticular materials increased as the result of applications of F þ U. This
study helps our understanding of howmanagement practices influence the movement of C
between terrestrial and aquatic environments.
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1. Introduction
Dissolved organic matter (DOM) is a complex, heterogeneous
mixture found in all natural waters, and it represents the
largest fraction of mobile carbon (C) on earth. It provides an
intimate link between the terrestrial and aquatic environ-
ments (Lam et al., 2007). Soil derived DOM can play a key role
in many environmental processes, including carbon cycling,
nutrient transport and the fates of contaminants and of
agrochemicals (Qualls and Haines, 1991; Royer et al., 2007;
Zsolnay, 2003). Despite its obvious importance, the struc-
tural components of soil DOM and the variations of these
components with different land management practices have
not been well resolved (Royer et al., 2007).
Temperate grassland ecosystems, which comprise 32% of
the earth’s natural vegetation (Frank and Dugas, 2001), can be
considered to have a significant role in the uptake of atmo-
spheric CO2 and in balancing the global C budget (Batjes, 1998).
Grassland, the dominant ecosystem in Ireland, represents 90%
of agricultural land and 56% of the total land area (Jaksic et al.,
2006). Article 3.4 of the Kyoto protocol (UNFCCC, 1998) makes
provision for the use of soil C stock changes in grazing lands to
offset greenhouse gas (GHG) emissions and to facilitate the
achievement of emissions reduction targets (Byrne et al.,
2007). On that basis, there is a need to better understand the
organic components leached from these carbon stocks under
different management practices.
Soils in long-term pasture are in a steady-state with regard
to soil organic matter (SOM) content. Carbon accumulation in
grassland ecosystems occurs mostly below ground and
changes in soil organic C (SOC) stocks may result from
changes in land uses management (Soussana et al., 2004).
Grassland C stocks represent at least 10% of the global total,
and some sources suggest up to 30% of that total (Scurlock and
Hall, 1998). The stocks of SOM result from the balance
between inputs and outputs of C. Inputs are primarily from
leaf and root detritus. Outputs are dominated by the efflux of
carbon dioxide (CO2) and of methane (CH4) from the soil
surface and by the hydrologic leaching of dissolved and
particulate C (Davidson and Janssens, 2006). The pool of SOM
is of particular interest because even small changes in flux
rates into or out of such a large pool could lead to the accu-
mulation of significant quantities of greenhouse gases
(Billings and Ziegler, 2008).
Although land use and related management practices are
knowntoaffect the amounts andcompositionsof SOMandsoil
properties, their influences on the amounts and compositions
of DOM have not been extensively studied (Chantigny, 2003).
Various aspects of the effects of elevated nitrogen (N) deposi-
tion and ofN fertilization have been studied, yet little is known
about their effects on DOM turnover (Kalbitz et al., 2000). The
same is true for organic amendments such as urine. TheOM in
amendments is biodegradable and is generally readily trans-
formedby soilmicrobes. Thatmay result in transient increases
in the soil DOM (Chantigny, 2003). Amendmentwith slurry has
been found to increase nitrogen (N) immobilisation through
increased microbial activity (Hoekstra et al., 2009). This may
lead to an increase in carbonmineralization and a decrease in
DOMexport. However, to our knowledge, detailed studies have
not been carried out on changes in DOM compositions
following mineral fertilization and organic amendments. Soil
hydrology is also likely to affect DOM dynamics. Differences
have been found between DOM fractions isolated from
different drainage regimes (Hayes et al., 1997), and research
has shown thatDOCexportswere 33Kg/ha lower fromdrained
than from undrained plots (McTiernan et al., 2001).
In this study we characterise, in detail, the Hydrophobic
acids (Ho) from the DOM formed from two soils, one well-
Table 1 e Analyses of the well-drained and of poorly-drained soils.
Soil Depth (cm) Total C Organic C Total N C\N ratio % Sand % Silt % Clay
WD 0e10 3.22 3.18 0.3 10.7 45.2 20.4 12.0
10e20 2.52 2.33 0.24 10.5 44.0 27.9 12.3
20e30 1.42 1.43 0.14 10.1 48.6 28.0 12.4
30e40 1.59 1.5 0.13 12.2 41.4 33.1 14.3
40e50 1.19 1.12 0.08 14.9 40.0 42.5 9.2
50e60 0.69 0.66 0.05 13.8 42.8 43.2 7.5
60e70 0.17 0.14 0.02 8.5 46.6 35.7 6.5
70e80 0.32 0.27 0.03 10.7 46.7 32.4 6.1
80e90 0.22 0.19 0.02 11.0 50.2 36.4 5.9
90e100 0.19 0.15 0.02 9.5 42.6 44.7 1.8
PD 0e10 4.36 4.23 0.35 12.5 24.8 35.0 25.2
10e20 2.72 2.7 0.25 10.9 25.6 35.2 26.3
20e30 0.83 0.77 0.09 9.2 27.2 34.7 30.0
30e40 0.34 0.29 0.04 8.5 30.1 17.8 45.6
40e50 0.25 0.22 0.03 8.3 31.0 34.6 28.7
50e60 0.22 0.18 0.03 7.3 31.1 34.2 16.1
60e70 0.14 0.11 0.03 4.7 34.6 34.5 25.3
70e80 0.14 0.11 0.03 4.7 34.2 35.3 24.0
80e90 0.12 0.09 0.03 4.0 35.8 34.4 23.9
90e100 0.11 0.08 0.03 3.7 33.8 36.6 24.3
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drained (WDS) and the second poorly-drained (PDS), each
amended with fertiliser, and with fertiliser and urine. The
emphasis is on the characterisation of the components of the
Ho released in the drainage water from these soils using
advanced Multidimensional nuclear magnetic resonance
spectroscopy (NMR) techniques that are widely used to study
structures and interactions in environmental chemistry
(Simpson and Brown, 2005; Thrippleton and Keeler, 2003).
2. Materials and methods
2.1. Source of samples
Intact soil monoliths lysimeters (0.8 m diameter by 1 m deep)
were sampled from a well-drained (WDS) Brown Podzolic soil
(Haplic Podzol (Anthric)) (FAO, 2007) and from a poorly-
drained (PDS) Gley (Luvic Stagnosol (Eutric, Siltic)) (FAO, 2007)
were installed in 2004 in lysimeters in a pasture field at the
Teagasc Environmental Research Centre (ERC), Johnstown
Castle, Wexford, Ireland. The sand, silt, and clay contents of
the soils are given in Table 1. The soils were collected as
undisturbed monoliths and installed according to an estab-
lished protocol (Cameron et al., 1992). Briefly this involved
isolating a 1 m by 1 m soil column and then carefully, recip-
rocally, pushing a 0.8-m HDPE pipe through the soil column.
When the pipe reached 1 m a cutting plate was hydraulically
pushed beneath the lysimeter to cut it from the soil beneath.
To prevent edge flow liquid petrolatum was injected between
the soil and the HDPE pipe. The lysimeters were inverted and
5 cm of fine gravel inserted at the base of the soil and a base
plate with drainage outlet was welded to the pipe. The
completed lysimeters were installed in a field lysimeter
facility under natural rainfall and meteorological conditions.
Each soil was sown with perennial ryegrass (Lolium perennae
L.). In order to replicate typical Irish grazed grassland activi-
ties, some of the lysimeter soils were amended with fertiliser
and some with both fertiliser and bovine urine, and
unamended soils served as controls as described in Stark et al.
(2007). With the exception of the controls, the lysimeter soils
received in 2004 and 2005, 291 kg N ha1 yr1 as fertiliser and
310 kg N ha1 yr1 as urine (Table 2). Treatments were applied
in a randomised complete block design with 3 replicates per
treatment. Herbage was harvested regularly to correspond
with a 28-day rotation of livestock. A series of pipes trans-
ported the drainagewater (DW) fromeach lysimeter to storage
vessels housed below ground level. Drainage water samples,
200 L from each treatment and control, were collected from
the lysimeter facility between June and December, 2005.
2.2. Isolation of hydrophobic acids from drainage waters
The Ho were isolated from the drainage waters using previ-
ously described procedures (Hayes et al., 2008; Malcolm and
MacCarthy, 1992). Waters were filtered under pressure
(69 kPa) through 0.2 mm Sartorius (Goettingen, Germany)
cellulose acetatemembrane filters. The filtrateswere adjusted
to pH 2 (HCl) and applied to XAD-8 resin [(poly)methyl-
methacrylate] (Rohm and Haas, Philadelphia). Two column
volumes of 0.01 M HCl were pumped through to ensure that
the entire sample had passed through the column. The resin
was then desalted with distilled water until effluent conduc-
tivities were <100 mS cm1. Back elution was carried out using
0.1 M NaOH and the centre cut eluates were Hþ exchanged
(Amberlite IR-120, Hþ-form; Rohm and Haas, Philadelphia),
and then freeze dried to give the XAD-8 hydrophobic (Ho)
acids.
2.3. Solution-state NMR spectroscopy experimental
details
Samples (40 mg) were dissolved in 600 mL of deuterium oxide
(D2O) and titrated to pH 12 using NaOD to ensure complete
solubility. Additional samples (40mg) were dissolved in 600 mL
DMSO-d6.
Samples were analysed using a Bruker Avance 500 MHz
NMR spectrometer equipped with a 1He19Fe15Ne13C 5 mm,
quadruple resonance inverse probe with actively shielded z-
gradient (QXI). 1D solution-state 1H NMR spectra were
obtained with 128 scans, a recycle delay of 2 s, 16 384 time
domain points, and an acquisition time of 0.79 s. Water
suppression was achieved using PURGE (Simpson and Brown,
2005). Spectra were apodized through multiplication with an
exponential decay corresponding to 1 Hz line broadening, and
a zero-filling factor of 2. Diffusion edited (DE) spectra were
obtained using a bipolar pulse longitudinal encodeeencode
sequence. Scans (1600) were collected using a 2.5ms, 49 G/cm,
sine-shaped gradient pulse, a diffusion time of 200 ms, 16 384
time domain points, 0.82 s acquisition time, and a sample
temperature of 298 K.
Heteronuclear multiple quantum coherence (HMQC)
spectra were obtained in phase-sensitive mode using echo/
anti-echo gradient selection and a 1J 1He13C value of 145 Hz.
Scans (512) were collected for each of the 128 increments in
the F1 dimension. A total of 1048 data points were collected in
F2, and a relaxation delay of 1 s was employed. The F2
dimension was multiplied by an exponential function corre-
sponding to a 10 Hz line broadening and a zero-filling factor of
2. The F1 dimension was processed using a sine-squared
function with a p/2 phase shift and a zero-filling factor of 2.
Total correlation spectroscopy (TOCSY) spectra were
acquired in the phase-sensitivemode, using time proportional
phase incrimination (TPPI). TOCSY NMR experiments were
carried out using 512 scanswith 128 time domain points in the
Table 2 e Nutrient application rates to lysimeters.
Treatment Nutrient application rates kg/ha
Inorganic Fertiliser Cow Urine
Ureaa CANb N P K
Control 0 0 0 0 0
Fertiliser only 58 233 0 0 0
Fertiliser & urine 58 233 310 0.8 465
2004 At grass sowing all lysimeters received a basal application of
NPK of 37, 37 and 74 kg/ha, respectively.
a Urea (46% N) manufactured by Goulding.
b CAN- Calcium Ammonium Nitrate (27% N) manufactured by
Goulding.
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F1 dimension and 1048 time domain points in the F2 dimen-
sion. A mixing time of 60 ms was used with a relaxation delay
of 1 s. Processing of both dimensions used a sine-squared
function with a p/2 phase shift and a zero-filling factor of 2.
Nuclear Overhauser Effect Spectroscopy (NOESY) was
obtained with the elimination of zero-quantum interference
(Thrippleton and Keeler, 2003). NOESYNMR experiments were
carried out using 256 scanswith 128 time domain points in the
F1 dimension and 1048 time domain points in the F2 dimen-
sion. Amixing time of 250mswas usedwith a relaxation delay
of 1 s. Zero-quantum suppression was achieved through the
use of an adiabatic-pulse/gradient pair during themixing time
(Thrippleton and Keeler, 2003). Both dimensions were pro-
cessed using a sine-squared function with a p/2 phase shift
and a zero-filling factor of 2.
3. Results and discussion
DOM in soil is composed of humic substances and a variety of
specific identifiable organic compounds, including carbohy-
drates and peptides. In this study the hydrophobic acid frac-
tion was isolated using an XAD-8 resin technique (Leenheer,
1981), and is the dominating constituent of bulk dissolved
organic matter (DOM) in soil solutions (Asakawa et al., 2006).
3.1. Characterisation of the drainage water hydrophobic
acids
Two solvent systems were used for the NMR analysis of the
Ho; D2O/NaOD and DMSO-d6. D2O or D2O/NaOD systems are
commonly used for studies of DOM (Hertkorn et al., 2006;
Kaiser et al., 2003; Kim et al., 2003; Lam et al., 2007; Simpson,
2001; Smejkalova and Piccolo, 2008) and the D2O/NaOD
system in this study enabled comparisons with previous
studies. DOM samples in the protonated form (achieved here
through exchange with the IR-120 cation exchange resin) are
completely soluble in DMSO. DMSO is a dipolar aprotic
solvent; hence signals from exchangeable protons, for
example, NeH, can be observed. Thus DMSO provides excel-
lent complimentary information for structural studies, espe-
cially for protein/peptide components, and in many cases it
provides spectra with better defined resonances (Simpson,
2001). Our samples were completely soluble in both solvent
systems used. 1D and 2D NMR spectroscopy techniques were
used to observe compositional differences in the Ho compo-
nents in the drainage waters.
Fig. 1A shows the 1H NMR spectrum in DMSO-d6 for the Ho
isolated from the poorly-drained soil (PDS) treated with fer-
tiliser. Major structural components present include
aromatics, lignin (Lig), carbohydrates (Carb), proteins/
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Fig. 1 e (A), 1H NMR spectrum in DMSO-d6 for Ho isolated from the PDS treated with Fertiliser. (B), Diffusion edited
1H NMR
spectrum in DMSO-d6 for the Ho. (C), Cultured soil microbes. (D), Organosolv Lignin. Assignments include lignin (Lig),
carbohydrates (Carb), protein/peptides (P), waxes, cuticles and lipids (WC/L), protein/peptide side chains (SC), phenylalanine
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peptides (P) and aliphatic units. Fig. 1B is the diffusion edited
(DE) NMR spectrum of the same sample. Signals from larger
molecules or rigid molecular associations can be further
emphasised by the use of diffusion editing. Diffusion editing
“spatially encodes” molecules at the start and then “refo-
cuses” these at the end of the experiment. Species that diffuse
and exhibit a high degree ofmotion during the experiment are
not refocused and are essentially gated from the final spec-
trum (Simpson et al., 2007b). Thus the spectrum produced
contains only signals from larger molecules or rigidmolecular
associations. Because the majority of the signals remain after
diffusion editing, it can be considered that the components in
Fig. 2 e Various 2D NMR spectra of the Ho isolated from the PDS treated with Fertiliser. (A), HMQC Spectrum, main
assignments can be summarised as 1, p-hydroxybenzoate aromatics in lignin (Kelleher and Simpson, 2006; Simpson et al.,
2004); 2, phenylalanine in peptides (Kelleher and Simpson, 2006; Simpson et al., 2007a); 3, aromatic lignin units (Kelleher
et al., 2006; Simpson et al., 2004); 4, anomeric protons in carbohydrates (Kelleher and Simpson, 2006; Lam et al., 2007);
5, methine in carbohydrates (Kelleher and Simpson, 2006; Lam et al., 2007); 6, methylene units in carbohydrates (Kelleher
and Simpson, 2006; Lam et al., 2007); 7, a-protons in peptides and proteins (Kelleher and Simpson, 2006; Simpson et al.,
2007a; Simpson et al., 2007b); 8, methoxyl in lignin (Kelleher and Simpson, 2006; Simpson et al., 2003, 2004); 9, aliphatic
linkages including signals from various lipids and plant cuticles (Deshmukh et al., 2003, 2005; Simpson et al., 2003, 2007b),
and side chain protons in peptides (Kelleher and Simpson, 2006; Simpson et al., 2007a); 10, N-acetyl and/or O-acetyl
carbohydrates (Hertkorn et al., 2006; Lam et al., 2007); 11, methylene units in aliphatic chains (Kelleher et al., 2006; Simpson
et al., 2001, 2003); 12, methyl groups, a small contribution in this region will be from terminal CH3 in lipids, though the
majority of signals are from peptides (Kelleher et al., 2006; Simpson et al., 2003, 2007a). (B), is an expanded region of the
HMQC. The intense lignin methoxyl signal is clearly evident in region 8. (C), is the TOCSY spectrum which supports
assignments made from the 1D and HMQC spectra. Key assignments: aromatic couplings (Kelleher and Simpson, 2006;
Simpson et al., 2004); Pamide[ amideLabg couplings in peptides (Kelleher and Simpson, 2006; Kingery et al., 2000; Simpson
et al., 2007a,b); Pa, a-protons coupling to amino acid side chains (Kelleher and Simpson, 2006; Kingery et al., 2000; Simpson
et al., 2007a,b); couplings in carbohydrates (Carb) and aliphatic couplings (Deshmukh et al., 2003, 2005; Kelleher et al., 2006;
Simpson et al., 2003). (D), is the NOESY spectrum that confirms the strong contribution of P, peptides/proteins with cross-
peaks from a-protons in amino acid side chains. The most important assignment is the through space interaction between
aromatic rings and methoxyl groups indicative of lignin (Lig) (Simpson, 2001).
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the Ho are likely to be larger molecules or very stable aggre-
gates (Simpson, 2002). Main chain methylene signals at
e1.3 ppm are consistent with aliphatic structures from plant-
derived waxes/cuticles (Deshmukh et al., 2003) that have
previously been identified in humic extracts (Kelleher and
Simpson, 2006; Kelleher et al., 2006; Simpson et al., 2003),
and to contributions from microbial lipids (Simpson et al.,
2007a). In this DE spectrum, the CH3 signal at e0.8 ppm is
likely to be mainly from methylated amino acid side chain
residues (Simpson et al., 2007a). This is further dealt with in
discussion of Fig. 1C.
There is considerable overlap in the 1D NMR resonances.
However it has been possible to confirm the suggested
assignments by an array of 2D NMR experiments, including
HMQC, TOCSY, and NOESY. Applications of 2D NMR for
studies of natural organic matter (NOM), and interpretations
of the data have been discussed extensively in the literature
(Cardoza et al., 2004; Simpson, 2001; Simpson et al., 2001).
Briefly, 2D NMR experiments provide increased spectral
dispersion as well as additional connectivity information
allowing detailed assignments of the chemical functionalities
and structural components present (Lam et al., 2007). Fig. 2A
shows the Heteronuclear Multiple Quantum Coherence
(HSQC) spectrum for the Ho isolated from the PDS that was
treated with fertiliser. The HMQC experiment detects one
bond 1He13C connectivities in an organic structure (Simpson,
2001). When considered together, the cross-peaks form
a specific pattern that can be thought of as the “molecular
fingerprint” of a specific structure or class of structure
(Kelleher and Simpson, 2006). The HMQC NMR spectrum
identifies a range of chemical functionalities present (assign-
ments and references are given in the Figure caption) and
suggests that the Ho are a mixture of predominately lignin,
protein, carbohydrates, and lipids/cuticlar waxes (Deshmukh
et al., 2005, 2003; Kelleher and Simpson, 2006; Lam et al.,
2007; Simpson et al., 2007a,b). This is further supported by
the TOCSY (Fig. 2C) and NOESY (Fig. 2D) data. All these
components have been assigned previously for NOM
(Deshmukh et al., 2003; Hertkorn et al., 2006; Kelleher and
Simpson, 2006; Kelleher et al., 2006; Lam et al., 2007;
Simpson, 2001; Simpson et al., 2003, 2007a,b).
Signals due to N-acetyl and/or O-acetyl, previously seen in
freshwater DOM (Hertkorn et al., 2006; Lam et al., 2007) are
evident in region 10 (Fig. 2A,B). Acetyl groups (Lam et al., 2007),
often found in peptidoglycan from microbial cell walls
(Simpson et al., 2007b) and in protein (Simpson et al., 2007a)
could indicate microbial inputs. The microbial contributions
are most clearly evident from comparisons between spectra
for microbial biomass cultured from soil (Simpson et al.,
2007a) and that for the Ho in this study. Fig. 1B and C
compare the DE spectrum of the Ho with that obtained for
microbes cultured from a Canadian dark grey Chernozem soil.
The microbes on which Fig. 1C is based were isolated from
a different soil to that from which the Ho for Fig. 1B was
obtained. The microbes were cultured in a minimal medium
with glucose and acetate as carbon sources using a “double
spiking approach” (Simpson et al., 2007a). Previous studies
have shown that soil microbes give a relatively similar NMR
spectrum, irrespective of the soil type from which they are
isolated (Simpson et al., 2007a), and the spectrum shown in
Fig. 1C shows the extent to which the microbial contributions
contribute to the Ho.
Comparison of the two spectra indicate that signals from
microbial biomass, mainly peaks labelled P, are clearly
apparent in the NMR spectrum of the Ho. Characteristic
resonances seen for protein/peptide, namely amide (NeH),
phenylalanine (Phe), a-protons from amino acid side chains,
and methylated side chains are easily distinguishable in both
the Ho acid and in the microbial biomass. Furthermore, the
region labelled “SC” in Fig. 1C represents the side chain reso-
nances from proteins and peptides. This region can generally
be considered as a “fingerprint” region representing the type
of peptide/protein present (Simpson et al., 2007a). The side
chain region in the Ho acid matches well with that of the
microbes.
The similarities between the Ho spectrum and that of the
microbes, highlights the input of microbial biomass to the Ho
isolated from the drainage waters.
Components from plant biomass, in addition to microbial
inputs, are also in evidence. There are clear indications for
lignin-derived components. While these signals are very clear
in the HMQC and NOESY data (Fig. 2A, D), they are still
apparent in the 1D spectra. Fig. 1D displays the DE spectrum
for a lignin standard (organosolv lignin, Sigma Aldrich). The
large resonance centered ate3.7 ppm is characteristic of the
methoxyl of lignin. Comparison of the spectrum for Ho (1B)
with that of the Organosolv lignin (1D) clearly indicates that
the apex of the central region of the lignin peak (labelled Lig) in
the Ho is from the methoxyl of lignin (Simpson et al., 2007b).
This is also confirmed by the intensity of the methoxyl signal
in the HMQC data (Fig. 2A). Additionally, aromatic resonances
from lignin ate6.3e7 ppm (Lig), are evident in the Ho (Fig. 1B)
and these partially overlap with the signal for aromatic resi-
dues in proteins/peptides. Thus it can be concluded that the
Ho is likely to be a mixture of soil derived plant and microbial
materials that have previously been identified in a range of
NOM samples (Hertkorn et al., 2006, 2002; Kelleher and
Simpson, 2006; Kelleher et al., 2006; Lam et al., 2007;
Simpson, 2001, 2002; Simpson et al., 2001, 2003, 2004, 2007a,b).
3.2. Investigation into the effects of the various
treatment regimes
Results have varied with regard to studies of the effects of N
onOMdecomposition. Concentrations and fluxes of DOC from
the forest floor remained unchanged for field additions of N
(Currie et al., 1996; McDowell et al., 1998) whereas the DOC
Table 3 e Exports of hydrophobic acids (Ho) in the
drainage water from the well-drained and of poorly-
drained soils under different treatment applications.
Treatment Ho losses mg L1
Well-drained
soil (WDS)
Poorly-drained
soil (PDS)
Control 1.62 1.54
Fertiliser 2.42 3.78
Fertiliser & urine 2.25 1.87
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release rate was found to have decreased by 20% following N
fertilization of a forest soil (Cronan et al., 1992). N addition as
urea resulted in the increased release of water-soluble OC
from a forest soil (Homann and Grigal, 1992).
Exports of hydrophobic acids in the drainagewater from the
well-drained and of poorly-drained soils under different treat-
ment applications are shown in Table 3. Both of the control
soils had similar exports of Ho acids in their DW. However, the
application of fertiliser gave rise to large increases. Exports of
Ho were 1.5 times greater from the WDS, and were almost 2.5
times greater from the PDS. This positive correlation betweenN
fertiliser application and total Ho exported in the cases of both
soils may have resulted from increased OM inputs arising from
increase grassland productivity.
This is proportional to N application (McTiernan et al., 2001),
and leads to greater returns of OM to the soil via leaf and root
decay (Parsons et al., 1991). The additional OM from the
increased plant growth would be a potential source of the Ho
that would be transported from the plot by rainwater
(McTiernan et al., 2001). In addition urea- and ammonium-
based fertilisers temporarily solubilise SOM and can, as the
result of an increase insoil pH, induceamarked increase inDOC
content (Chantigny, 2003;MyersandThien,1988).However, this
effect has been found to be short-lived (Clay et al., 1995).
The NMR spectra obtained for samples after dissolving in
DMSO-d6, shown in Fig. 4, are better resolved but contain the
same major structural components seen in D2O (Fig. 3). The
contribution of peptides to the Ho is more evident in the
DMSO-d6 spectra, as seen by the double “hump” ate4e4.4 ppm
(a-protons) and by the large amide and methyl resonances
(Simpson et al., 2007b). This is most clear in the DE spectra in
DMSO (see Fig. 5). The DE spectra are dominated by lignin and
microbial signatures indicating that these are the largest of
the components in the sample.
Regardless of solvent used, the NMR spectra indicate that
there is an increase in the lignin contribution to the Ho (Figs. 3
and 4: A vs. B, D vs. E) as the result of fertiliser applications.
Absolute quantification from such complex 1D spectra is very
difficult, as discussed by Simpson et al. (2007b). However, rela-
tivequantificationof themethoxyl signal ispossible fromthe2D
HMQC spectra. Absolute quantification is not possible because
the signal intensity in the HMQC employed in this study is
proportional to the one bond coupling constant (1J 1He13C). The
intensity of the methoxyl signal with respect to the total inten-
sity of all peaks in the HMQC (with the exclusion of the DMSO
peak) provides an estimation of the abundance of lignin in each
sample. This, in turnpermits the relative increases/decreases in
lignin contents in the different samples to be estimated.
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Fig. 3 e 1H NMR spectra for Ho in D2O, differing by soil and treatment. (A), WDS Control; (B), WDS Fertiliser; (C), WDS
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carboxyl-rich alicyclic molecules (CRAM).
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Semi-quantitative analysis indicates that, compared to the
control, treatment of the soil with fertiliser increased the
lignin-derived components in the WD Ho by ca 50%. An
increase of 300% was found in the case of the PD Ho. The
increases in lignin-derived materials are likely to have resul-
ted from the increased vegetative growth arising from the
fertiliser-N amendments.
Grazing can result in the deposition to soils of large quan-
tities of urine-N (400e1200 Kg N ha1), and the effects of urine
on changes in DOM compositions are not well understood
(Rooney et al., 2006). Ho was collected from lysimeter soils
amended with both fertiliser-N and urine-N. Applications of
fertiliser plus urine (F þ U) caused less Ho losses than the
treatment with fertiliser alone, (Table 3) but greater than from
the control. 1H NMR spectra in both D2O and DMSO-d6 solvents
show a significant decrease in the lignin-derived signal in the
Ho isolated from both FþU treated soils (Figs. 3 and 4: B vs. C, E
vs. F). This correlates well with the semi-quantitative analysis
that suggested a decrease of 70% (in comparison to the control)
in the lignin-derived OM signal for the WDS Ho as the result of
treatment of the soil with F þ U. A decrease of 3%was found in
the case of the PDSHoas the result of a similar soil treatment. It
is probable that this decrease in C export in the drainage water
from the F þ U treated soils resulted from increased microbial
activity in the soil from the addition of urine. Under the aerobic
conditions that prevailed in the WDS F þ U, the lignin appears
to have undergone greater oxidation. Soil respiration was
found to be higher from a soil treated with cow urine as the
result of an immediate and significant increase in microbial
metabolic activity (Lovell and Jarvis, 1996). Urine contains only
small concentrations (0.01%) of soluble carbon (Kishan et al.,
1989); however, solubilisation of soil organic C has been
shown to take place following urine applications (Monaghan
and Barraclough, 1993), and that soluble carbon could provide
substrate for increasedmicrobialmetabolism (Lovell and Jarvis,
1996). Soils treated with varying concentrations of synthetic
sheep urine had greater levels of microbial activity than
untreated soils (Rooney et al., 2006). Urine deposition has been
shown to alter substantially soil microbial communities, in
terms of bacterial and fungal counts and respiration rates
(Williams et al., 2000). Differences inmicrobial biomass activity
between grassland types are related to differences in substrate
availability (Bardgett et al., 1998; Williams et al., 2000). A strong
correlation between N immobilisation and C mineralization
has been found (Barrett and Burke, 2000). Rapid stabilization of
N was facilitated by an active microbial community and the
availability of a readily mineralisable C substrate. It is likely
that increased microbial activity induced by the addition of
urine promoted the decomposition of the lignin-derived DOC
(observed in the NMR spectra in this study) leading to the
decrease in the DOC concentration in the drainage water.
Conversely, cuticular coatings/leaf waxes are known to be
highly recalcitrant and to accumulate over time during the
degradation of plants (Kelleher et al., 2006). The relative
contributions from aliphatic components compared to the
lignin components in the DE-NMR spectra for both PDS and
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WDS increased with applications of F þ U (Fig. 5, C and F, see
arrows). That would correspond to an accumulation of
aliphatic components in the Ho. Such may result from
a decrease in the more readily degradable fraction (i.e. lignin),
resulting in higher concentrations of the ‘less digestible’
cuticular fraction in the soil. Treatment of a grassland soil
with sheep urine was found to have led to an increase in the
dead or decomposing root mass from 2.2% in the untreated
soil (control) to 6.3% in the urine treated soil (Shand et al.,
2002). They considered that part of the DOC in the soil solu-
tion from beneath the urine patches came from roots
damaged by the high concentrations of ammonia (NH3). That
could explain the greater contribution of methylene units,
possibly from suberin in the rootmaterial, to the spectra of the
Ho isolated from the DW of the soils treated with F þ U (Fig. 5:
C and F, see arrows). On the other hand, the signals consistent
with protein/microbial contributions are still dominant in the
spectra. Such would be expected as both the urea and N
should stimulate microbial activity.
There are similarities in the Ho exported from the control
soils. The various treatment regimes, however, had greater
effects on the PDS. As mentioned, the application of fertiliser
caused a greater increase in the exports of Ho from the PDS
(Table 3). That could arise, in the case of the poorly-drained
soil, from the decreased aeration that would impede biological
oxidation to carbon dioxide (CO2) of the increased organic
matter (resulting from the application of fertiliser) (McTiernan
et al., 2001). On the other hand, rapid decomposition of
organic materials may have taken place in the WDS resulting
in the removal of less DOM.
In contrast, the F þ U application caused a decrease in the
Ho from both the PDS and from theWDS, in comparison to the
application of fertiliser alone. That could have arisen from
increased microbial activity as a result of the urine additions,
leading to a greater metabolism of the SOM and leaving less
material available to contribute to the DOM.
In summary, the main effects of the varying treatment
regimes on the Ho composition from both soils are still not
completely resolved. The contribution of lignin components
(peak labelled Lig or 6) increased with applications of fer-
tiliser and decreases with fertiliser plus urine addition. The
most likely causes of the effects is that the F þ U applica-
tions lead to an increase in microbial activity causing
microbial utilisation of the more degradable lignin compo-
nents. Irrespective of the causes of these changes it appears
that land management practices significantly alter the
composition of dissolved organic matter released into
drainage water.
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Fig. 5 e Diffusion edited 1H NMR spectra for Ho in DMSO-d6, differing by soil and treatment. (A), WDS Control; (B), WDS
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3.3. Agricultural/environmental significance
Results from the multidimensional solution-state NMR anal-
ysis, indicate that the components of Ho in the drainage water
of typical Irish grassland soils are complex mixtures of both
plant and microbial-derived materials. Strong contributions
from lignin and of peptides/proteins of microbial origins were
evident in all spectra.
Treatment with fertiliser (F) resulted in an increase in the
Ho export from both the WDS and the PDS, and an increase in
the lignin contribution to the compositions of the Ho. This is
thought to result directly from elevated OM inputs to the soil
as the result of increased dry matter production through
fertilization. Enhanced microbial activity is brought about by
inputs of labile C (Lovell and Jarvis, 1996). Increased microbial
activity, stimulated by the addition of urine, could result in
a degradation of the increased OM input brought about by
fertilization. That is reflected by a lower lignin contribution to
the Ho isolated from the fertiliser and urine treatment.
The drainage regime affected the responses of each soil to
the treatments. The decreased aeration in the PDS, compared
to theWDS, resulted in a lesser decomposition of the increased
OM input in the Ho (McTiernan et al., 2001). In contrast, the
fertiliser plusurine application gave rise to adecrease in theHo
from the PDS, compared to the treatment with fertiliser alone.
A plausible explanation for this might be that the urine may
have been transported more slowly through the PDS resulting
in a higher level of microbial activity, increased decomposi-
tion, and a lower export of Ho.
Growing concern about climate change has increased
interest in the roleofDOMintheglobal carboncycle (Kalbitzand
Kaiser, 2008). This study provides further information on the
extent and the composition of the organic C lost from soils
through transport in drainage water from Irish grassland.
Additionsofplantswithhigh lignincontenthavebeenproposed
as ameans of building C stocks (Paustian et al., 1997) in order to
sequesterC.Aromatic compounds fromligninare considered to
be the most stable components of DOM (Kalbitz and Kaiser,
2008). Our study indicates, however, that the stimulation of
microbial activity by the addition of urine decreases the recal-
citrance of the lignin components in the DOM.
Investigations of the compositions and the extents to
which Ho is lost from soils, as influenced by management
practices and the processes involved, will help our under-
standing of the movement of C between the terrestrial and
aquatic environments. Such information is important because
it provides an insight into an area of the carbon cycle about
which little is known.
4. Conclusions
Hydrophobic acids (Ho) were isolated from drainage waters
and characterised using solution-state NMR. The main
conclusions from this study can be summarised as follows:
1. Multidimensional solution-state NMR analysis indicates
that the components of the Ho from the drainage water of
typical Irish grassland soils are complex mixtures of both
plant and microbial-derived materials;
2. Treatment with fertiliser (F) increased the Ho export from
both well-drained (WDS) and poorly-drained (PDS) soils,
and increased the lignin contribution to the compositions
of the Ho. This possibly resulted from elevated OM inputs to
the soil as the result of increased dry matter production
through fertilization. Application of a fertiliser plus urine
(F þ U) mixture resulted in smaller losses of Ho and
decreased the lignin-derived signal. This is likely to be
attributable to an increase inmicrobial activity arising from
the urine application;
3. The drainage regime affected the responses of each soil to
the treatments. Application of fertiliser caused a greater
increase in the exports of Ho from the PDS. That reflected
the decreased aeration in the PDS, resulting in a lesser
decomposition of the increased OM input in the HO. The
F þ U application gave rise to a decrease in the Ho from the
PDS, compared to the treatment with fertiliser alone. The
urine may have been transported more slowly through the
PDS resulting in a higher level of microbial activity,
increased decomposition, a lower export of Ho, and a lower
lignin contribution to the Ho.
4. Our study shows that the stimulation of microbial activity
by the addition of urine decreases the recalcitrance of the
lignin components.
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